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In soil suspensions of montmorillonite and kaolinite clays, cationic exchange at pH 4
and 8 is a principle interaction of hydrazine. At pH 4, hydrazine exists mostly as hydra-
zinium (N2H5+), whereas at pH 8, hydrazine exists in its neutral form (NpH,). At
the high pH, more hydrazine adsorption and surface catalysis occurs. In suspensions of
the top horizon of Arredondo soil, only 20 percent of the hydrazine is recovered at pH 8;
80 percent is recovered at pH 4.

Infrared and Raman spectroscopy were used to study the microscopic interactions of
hydrazine with kaolinite. Studies show that, after 2 hours of hydrazine exposure to
kaolinite, 90 percent of the spacing between clay layers is intercalated by hydrazine.
X-ray diffraction shows the layer spacing increases from .716 to 1.03 nancmeterc. At
reduced pressures, spectroscopic evidence shows that the hydrazine penetrates into the
inner structure of the clay layers and interacts strongly with the inner hydroxy groups.
In addition, the interlayer spacing decreases upon evacuation, giving further evidence
that hydrazine penetrates deeper into the layers.

Microbiological studies show there are certain bacteria which can cometabolically
degrade hydrazine. In general, however, biodegradation is a minor factor in the overall
degradation of hydrazine in aqueous and soil systems. 15N—hydrazine studies show that
the Achromobacter species can degrade hydrazine to nitrogen. Soil suspensions treated
with the Achromobacter species degrades hydrazine somewhat faster than suspensions without
the bacteria. At high concentrations, hydrazine exerts a severe toxic effect on the
bacteria, and biodegradation is therefore minimized.

Microbiological studies of monomethylhydrazine (MMH) show that the initial degradaticn
steps of MMH are not enhanced by the presence of bacteria. In the absence of soil
bacteria, MMH will degrade, but does not yield carbon dioxide (COz). However, léc_mvm
studies show that MMH does degrade to yield CO; if soil bacteria is present.

Soil column studies show that the mobility of hydrazine through a water-saturated soil
matrix depends upon several factors and that there are several types of interactions in
soil. These interactions include ion exchange, adsorption and complexation, first- and
second-order chemical reactions, and biodegradation. Mobility can depend upon such
factors as the soil horizon, the initial input concentration, and the pore velocity.
Studies were done :. lower pH; therefore hydrazine existed as N2H5+ in the soil
columns., NZHS+ is not as susceptible to catalytic oxidation as NoH4;. Three
Arredondo soil horizons were studied. The top horizon has the greatest organic and
bacteria content; hence, the greatest interactions were found with this horizon.

Information from all the hydrazine interaction studies was used to develop a transport
model to describe the behavior of hydrazine in the soil columns. The model includes
diffusion and convection terms in conjunction with chemical adsorption and degradation
terms. The model has two adsorption processes in series, and an irreversible process.

The model was used to fit data from the soil column studies.

A more elaborate model describing the transport of hydrazine from a leak in a storage
tank downstream to a drainage site is also presented in the report.
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SECTION I
INTRODUCTION
A. OBJECTIVES

’ G&Because the Air Force is the primary user of the rocket fuels,
hyvdrazine (Hz), monomethylhydrazine (MMH), and 1l,l-dimethylhydrazine
(UDMHl, it is responsible for the environmental implications associated
with the transport, storage, and handling of these fuels. During
handling, hydrazine fuels could inadvertently be released to the atmo-
sphere and the surrounding aqueous and terrestrial environmentg, There-
fore it is advantageous to understand the fate of these materials in soil

and water. The purpose of Task Order 85-4 was to study the soil chemis-

try, soil microbiology and transport through the soil of the hvdrazines.
-~ e

f.ot , . f 4
, ' 'The objectives of the research conducted under Task Order 85~4 ware

as follows:

(1) Conduct a literature review of all pertinent facets of
interactions of hvdrazine fuels in the soil/water environment.

(2) Investigate the decomposition of hydrazine fuels in aqueous
media under conditions of varying chemical compositions, pH,
redox potential, ionic strength, and temperature,

(3) Describe the adsorption/desorption characteristics of hydrazine
fuels on various soils and soil components. Investigate, on a
molecular level, the nature of hydrazine and clay mineral inter-
actions.

(4) Study the effects of hydrazine fuels on microbial population
dynamics, species survival, soil respiration, and microbial
degradation of hydrazine.

(5) Conduct soil column experiments to evaluate the transport of
hydrazine fuels through soils. Develop breakthrough curves and
transport model parameters for prediction of hydrazine movement
in soils.

The literature review has been compiled and submitted as a separate

publication. The initial objectives included research with hydrazine,

monomethylhydrazine, and 1l,l~dimethylhydrazine; however, after beginning




the research project it was mutually agreed to focus on hydrazine alone.
Some microbiological experiments were conducted with MMH and are reported

in Section IV,

B. BACKGROUND

1. Water, Soil, and Soil Constitutent Studies

The aqueous chemistry of hydrazine in both deionized and dis-
tilled water and natural waters was investigated under the best available
laboratory techniques and equipment. The soil and clay adsorption
studies were conducted in a modified "batch slurry" technique similar to
the flow-through system described by Hayes et al. (Reference 1). The
clay surface studies, microbial experiments, and the transport model
development are described in the separate chapters on each of these

areas.

2. Spectroscopic Investigations

In situ vibrational spectroscopic methods have been used to
study the interaction of hydrazine with kaolinite surface. Noninvasive
Raman and FT-IR spectra were obtained for the kaolinite-hydrazine (KH)
intercalation complex at 1low temperatures and pressures. Strong
vibrational perturbations of the guest intercalate, hydrazine, and of the
clay mineral kaolinite were observed. Upon expansion of the kaolinite
structure by hydrazine, a significant reduction in the intensities of the
inner-surface hydroxyl groups was observed which indicated that strong
hydrogen bonds were formed between the intercalated hydrazine species and
the kaolinite interlamellar surface. Tn addition, several Raman- and
IR-active vibrational modes of hydrazine were influenced by the kaolinite

surface.

3. Soil Microbiology

Information on the degradation and soil microbiology of hydra-

zine and the substituted hydrazines is limited. Experimental procedures




for evaluating the fate and transformation of the hvdrazine fuels were
developed using standard soil microbiclogical techniques. The effects of

Hz and MMH on soil microbiological properties were also examined.
4, Soil Phvsics and Model Development

A brief literature search indicated a general deficiency of
experimental information concerning the mobilitv and transport of hydra-
zine in soils. Such information is important to any evaluation of the
potential for chemical contamination of groundwater in the event of acci-
dental spillage of hydrazine onto a soil surface or of subsurface leakage
of hydrazine from defective storage tanks. Any contamination of ground-
water should be considered detrimental to envirommental quelitv since
hydrazine is an '"animal carcinogen" as well as a '"suspected human car-
cinogen.,"

Research was initiated to determine the mobility of hvdraziniunm
(ionic form of hvdrazine) during steadvy flow through columns of water-
saturated sandy soil and to develop a simplified numerical mathematical
model to describe the resulting transport of hydrazinium through the
soil. Factors investigated include the concentration of hydrazinium in
applied aqueous solutions, pore water velocity during flow, and the
method (pulse versus continuous) of solution application. Material from
three horizons (Ap E2 and E2) of an Arredondo fine sand soil were used in
the hand-packed soil columns.

A finite-difference numerical model was also developed to des-
cribe 2-dimensional transport of hydrazine during transient water flow in
a rectangular soil region that receives rainfall input at the soil sur-
face, subsurface leakage of hydrazinium solution at the upstream boun-
dary, and drainage of groundwater at the downstream boundary. An imper-
vious clay layer was assumed to provide the lower boundary of the flow

region.



C. SCOPE

The scope of this report is to document the results of various soil
chemistry, soil microbiology, and soil physic laboratory experiments such
that a fate and transport model could be evaluated. The approach was to
intergrate the results from several aqueous and soils experiments to
better understand the chemical behavior of hydrazine in natural waters
and soil enviromments. A parallel apprcach for the effects of hydrzzine
and monomethvlhydrazine on soil microbial processes was also taken.

Information obtained from the soil chemistry and soil microbiology
studies was utilized in the development of a I- and 2-dimensional trans-
port model for evaluating the potential for hydrazine to migrate in
soils. The development of such a fate and transport model would allow
the U.S. Air Force an accessment tool for taking remedial action in the

events of accidential spills or leaks from storage tanks.
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SECTION II

AQUEOUS AND SOIL CHEMISTRY STUDIES

A. MATERIALS AND METHODS

l. Reagents

Hydrazine monohydrate was purchased from Aldrich Chemical Com-
pany, (Milwaukee, WI.). All other chemicals were analytical grade or the

highest grade available,

2. Natural Waters

Natural waters were collected in 20-gallon plastic carbovs fron
the Saint Johns River and Santa Fe Lake. River water samples were coi-
lected under the East Palatka Bridge located on US Highway 17. The lake
samples were taken near Buddy's Landing on Lake Santa Fe in Melrose, Flo-
rida. After arrival to the laboratory the dissolved oxygen concenration
and total carbon content were measured. Two liters of each type of water
were autoclaved for 20 minutes and 2 liters were filtered through a 0.2
ym membrane to sterilize and eliminate solids in suspension. They were

stored in a refrigerator at 10°C until ready for use.

3. Clays

Montmorillonite (SAz-1) and kaolinite (KGa-1l) used in these
studies were obtained from the Clay Minerals Repository, Department of

Geology, University of Missouri.

4, Soils

The three top horizons of an Arredondo fine sand (grossarenic

paleudult, loamy, siliceous, hvperthermic): Ap (0~20 cm), E1 (20-80) cm)




and EZ (80-150 cm), were collected from a Northwest location in 2lachua
County, Florida.

The Orangeburg loamy sand soil (Typical Paleudult, fine-loamy,
siliceous, thermic) was a sample from the top 15 cm taken from a site in

Jackson Countv, Florida.
5. Analytical Methods

The laboratory method selected to determine hydrazine concen-
trations less than 11 mmol l-l was a modification of the procedure used
by Hayes et al. (Reference 1l). Our technique substituted hydrochloric
acid for trichloroacetic acid, since only aqueous solutions were anal-
vzed, Higher concentrations of hydrazine were analyzed by direct iodate
titration using carbon tetrachloride to detect the end point (Reference
2).

The concentration of oxygen in aqueous solutions contained in
small bottles was determined with a dissolved oxygen microelectrode
(Microelectrodes, Inc.). For the studies in a Pyrex® cell a dissolved
oxygen electrode Orion model 97-08, was used. Total metals concentra-
tions were determined on an atomic adsorption spectrophotometer (Perkin
Elmer 460). A specific gas-sensing electrode (Orion 951201) was used to
detect ammonia in the degradation studies.

The technique used to determine Cu+2 in the supernatant of
clays was differential pulse stripping voltametrv measured with a EG&G
Princeton Applied Research polarographic analyzer model 384B. The sup-

+ . .
porting electrolyte was NH, -citrate at pH 3. Because this technique

does not distinguish betweei Cu+2 and Cu+1, a specific ion electrode was
used to measure Cu+2 whenever hydrazine was present.

The concentration of total soluble organic carbon in water was
determined on a Total Carbon System from Oceanography International Com-
pany, Model 0524B. A small aliquot was placed in a glass ampule with a
series of reagents to acidify and digest the organic forms present.
Ampules were purged of inorganic carbon with purified oxygen. After

ampules were sealed, they were autoclaved to convert the organic carbon

to CO, which was measured by a nondispersive infrared aralyzer equipped




with a digital integrator. The integrated peak area was related to the

weight of carbon by comparison with standards of known carbon content.
B. EXPERIMENTAL PROCEDURES
1. Aqueous Studies

Solutions of hydrazine ranging from 10 to 500 pg 1_1 were pre-
pared in 2 liter volumetric flasks. After the desired chemical compo-
sitions were obtained, 10 mL aliquots were put into small bottles and
incubated in a constant-temperature water bath. Three bottles were
opened for analysis at various time intervals. The frequency of analysis
depended on the rate of hydrazine degradation. Various constant ionic

strengths were maintained using CaCl Acidic pH's were obtained with

9t
HCl. Neutral pHs were obtained with phosphate buffers at different ionic
strengths,

Three different types of bottles were used in the study tc
investigate the effects of container material: glass scintillation vials
made of borosilicate low in potassium content, glass serum vials made of
borosilicate (with crimped aluminum tops and a Teflon® liner), and poly-
ethylene bottles. Most of the experiments were carried out in serum
vials, assumed impermeable to oxygen. New bottles were opened each time
an analysis was needed and the rest of the solution was discarded. How-
ever, in a recent experiment we found that oxygeﬁ could diffuse slowly
into the bottles. Because of this, we incubated vials in an anaerobic
incubator under a nitrogen atmosphere to minimize autoxidation.

A study to determine the effect of the container size on hydra-
zine degradation used serum vials of 10, 50 and 100 mL. Vials were
opened periodically for analysis, shaken and put back in the constant
temperature water bath for future analysis.

Two experiments were were conducted to determine effect of the
gas atmosphere on hydrazine degradation. Solutions were prepared by
flushing the stock hydrazine solutions with nitrogen or argon gases.

Vials were also flushed with the gases during the transfer of 10 mL of

' hydrazine solution until they were sealed. This procedure proved to be




inadequate because some air entered during the process of closing the
vials and it was later discovered that the seal was not completely
impermeable to oxygen.

One set of experiments was carried out in a l.5-liters Pyrex®
cell with a glass top, to which a pH electrode, an oxygen electrode and a
redox electrode were attached. The cell also had an entrance for bubb-
ling gases and a syringe to withdraw samples. The contents of the cell
were continuously stirred with a Teflon®—coated magnetic stirring rod.
Different Cu+2 concentration solutions were equilibrated with gases of a
known oxygen content (0.27 Hmol 1“1 or less). Under ambient air condi-
tions a trap was installed between the air pump and the cell to remove
COZ' It was found later that the 002 trap had a slight effect on the pH
of the experimental solution. After the addition of 10.3 mmol 1—1 of

hydrazine the electrode readings were monitored and samples were with-

drawn periodically for hydrazine analysis.

2. Clay Studies - Hydrazine Degradation Studies on Cu-Montmoril-

lonite

Clay fractions smaller than 0.5 HUm were selected for the degra-
dation studies. This was accomplished by washing the clay three times
with 0.1 N NaCl to disperse the particles and saturate the exchange com-
plex with a single cation. Samples were washed with deionized water
until a negative chloride test resulted. The smaller fractions were sep-
arated using an ultraspeed centrifuge. To minimize dissolution of clays,
samples were stored in 0.1 N NaCl solution until ready for use.

In the degradation studies 1 mL aliquots of different Cu+2
stock solutions were added to serum vials containing 9 mL of Na-saturated
montmorillonite suspension (3 mg ml—l). Vials were equilibrated for 3
days and Cu+2 concentration in the supernatant was measured by differen-
tial pulse-stripping voltametry. Hydrazine was added to the vials and
hydrazine concentrations in the suspension were measured with time. The
standard curve was developed, adding the same amount of clay to the vol-
umetric flask as to the volumetrics containing the experimental samples.

After centrifugation of the serum vials, hydrazine was measured in the




faal)

supernatant. The difference between the amount of hydrazine in the sus-
pension and in the supernatant was assumed to be adsorbed on the surface
of the clay.

Initially an isotherm was run in a Na-montmorillonite suspen-
sion prepared in the same was as the suspension for the degradation
studies described above. Ten-milliliter aliquots containing 3 mg tnl—1 of
clay were placed in serum vials under anaerobic conditions. Increasing
amounts of hydrazine solution were added to the vials. Afterwards vials
were stoppered, shaken and let equilibrate in the absence of oxygen for
24 hours. The pH of the suspension was not controlled and it increased,
depending on the concentration of hydrazine in the supernatant. Hydra-
zine concentration left in the supernatant was measured and adsorption
was calculated as the difference between the amount of hydrazine added
and the amount remaining in the supernatant.

Adsorption isotherms of kaolinite and montmorillonite were mea-
sured at pH 4 and 8. Four grams of kaolinite and 1 gram of montmorillo-
nite without any pretreatment were placed in preweighted polyethylene
centrifuge bottles. The contents were washed five times with 0.1 N NaCl
at the pH of the experiment to saturate the exchange complex with Na+l.
All the steps except centrifuging were carried out in an anaerobic incu-
bator to minimize autoxidation. Afterwards the excess of NaCl in the
supernatant was washed three times with deionized water at the pH of the
suspension. The supernatants from last wash were kept for analysis of
Fe, Si, Na, and pH. The volumes were brought to 20 mL with deionized
water and increasing amounts of hydrazine solution were added to the cen-
trifuge tubes. Samples were shaken and left equilibrating in the anaero-
bic incubator for 24 hours. After centrifuging hydrazine, Na, Fe, and Si
concentrations were measured in the supernatant. Hydrazine adsorbed was
calculated as the difference between the amount of hydrazine added and
the amount left in the supernatant after equilibration with the suspen-
sion. The difference between the amount of sodium in the supernatant
after equilibration ard before adding hydrazine is an indication of the
amount of hydrazine exchanged with Na+l on the exchange complex. All
samples were analyzed for Fe and Si after early analysis indicated exces-

sive Na in solution was probably due to clay decomposition. After the




completion of the isotherms the samples with the highest concentration of
hydrazine were washed exhaustively with 0.1 N KCl to desorb hydrazine

from the clays.
3. Soil Studies

Samples from the three top horizons of Arredondo soil were air-
dried and sieved through a 2 mm sieve. Metals were analyzed in a double
acid extract. Two sets of isotherms were conducted. The first set was
done at pH 4.8 and 8.0, maintaining a constant ionic strength of 0.01 N
with CaCl, solutions. We lowered the pH of the hydrazine stock solutions

2
with HCl. Because N_H + Cl™ contributes to the salt content of the solu-

tion, the concentrition of hydrazinium chlioride was considerated in
preparing the constant ionic strength solutions. The isotherms were
obtained over a wide range of concentrations, Five-gram samples of each
horizon of Arredondo soil were placed in glass serum vials and 10mL cf
hydrazine solution with constant ionic strength, and increasing hydrazine
concentrations were added. After incubation for 48 hours under anaerobic
conditions, samples were centrifuged and hydrazine was measured in the
supernatant.

The second set of isotherms was conducted at pH 4 and 8 in the
anaerobic incubator. Twenty grams of soil were washed five times with
0.1 N NaCl at the pH of the study to saturate the exchange complex with a
single cation. Afterwards samples were washed with deionized water at
the same pH to eliminate the excess NaCl in the supernatant. The super-
natants of last wash were kept for analysis of Fe, Si, Na, and pH. The
volumes were brought to 20 mL with deionized water and increasing amounts
of a hydrazine stock solution were added to the centrifuge tubes. Hydra-
zine were measured and calculated as in the procedure for kaolinite and
montmorillonite. After extraction of hydrazine with 0.1 N KCl, soils
were extracted twice more with dilute acid.

Degradation of hydrazine in the presence of Orangeburg soil was
done as follows: One, 0.5, and 0.25 grams of Orangeburg soil were placed
in serum vials and 10mL of 10.3 mmol 1—l hydrazine solution were added

to each vial. Hydrazine solution in the suspension was measured with
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TABLE I. CHEMICAL PROPERTIES OF NATURAL WATERS.

CONCENTRATIONS
(mg 171
Sta Fe Lake St. Johns River

pH (s.u.)* 6.2 8.0
O2 6.7 7.0
Organic C 6.23 7.16
K 0.4 5.7
Na 5.9 142

Ca 2.5 59

Mg 1.4 23

Cu 0.00 0.00
Fe 0.0 0.0
Mn 0.00 0.00
Zn 0.01 0.01
i+ 0.2 0.01
NoO, 0.01 0.1
P T** T
c1 12 320

# (s.u.) standard units

** T traces

time. After centrifugation of the vials, hydrazine was measured in the

clear supermnatant.

C. RESULTS AND DISCUSSION

1. Degradation of Hydrazine in Aqueous Systems

a, System I - Natural Waters

Selected chemical properties of the two natural waters,

11
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Figure 1. Degradation of Hydrazine in Natural Waters (at 22°C in
Serum Vials): Effect of Sterilization; (A) Untreated, (B)
Autoclaved.

Saint Johns River and Santa Fe Lake are presented in Table 1. The pri-
mary differences between these two natural waters were a higher pH and a
higher salt content iIn the Saint Johns River water. Upon addition of
10.3 mmol l—1 of hydrazine, the pH of the solutions increased to 10.2.
Degradation was slightly faster in the river water than in the lake
water, and in natural waters degradation was faster than in the distilled
water control (Figure l). The experiment was conducted in serum vials at
the original oxygen content and under a nitrogen atmosphere. Because
there was no significant difference between either atmosphere we con-

cluded that oxygen was leaking into the serum vials.
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As shown in Figure 1, sterilization had very little effect
on the rate of hydrazine disappearance, indicating that the mechanism was
mainly chemical and not microbiological. This is in agreement with the
findings by Ou and Street (Reference 3) that concentrations above 5 mmol

-1 _. .- . :
1 might be toxic for microbial populations.
b. System II - Distilled Water
(1) Effects of Reaction Vessels

It has been previously reported that the chemical
composition of the reaction vessel might have an effect on the degrada-
tion rate of hydrazine. The first experiment used hydrazine solutions
prepared in distilled water at 22°C, and compared three tvpes of con-
tainers: glass serum vials, polyethylene vials, and glass scintillation

vials. Each type of container underwent four treatments:

under air atmosphere, with head space;
under nitrogen atmosphere, with head space;
under air atmosphere, no head space;

under nitrogen atmosphere, no head space.

Degradation was slow in both the polyethvlene and the
scintillation vials, with no significant treatment effect for either vial
(Figure 2). After 24 days only 9.5 percent of the added hydrazine had
degraded. This suggests that these kind of materials had no catalyzing
effect on the decomposition of hydrazine. The solution pH remained at
10.2 for the nitrogen treatment and 9.9 for the air treatment during the
course of the incubation. The fact that the nitrogen treatments
increased their oxygen content with time suggests that the sealing in
these kind of bottles was not impermeable to oxygen.

On the other hand the serum vials had an important
effect on hydrazine degradation., Degradation was faster in the vials
that had air in the headspace because oxygen diffused freely into the

solution. For the other treatments oxygen had to diffuse first through
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Figure 2. Hydrazine Degradation in Aerated Distilled Water at 22°C:
Effect of Container Material; (A) Headspace Filled With
Air (B) Bottles Filled to the Top With Solution.
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the seal, consequently hydrazine degraded slower. The oxvgen content in
the vials with no head space remained nearly constant at 1 mg 1—1.

In another set of experiments at 45°C and in the pre-
sence of Cu+2 degradation was faster in polyethylene bottles than in
glass serum vials (Figure 3). 1Initially this was attributed to faster
leakage of oxygen into the polyethylene bottles but this may not be con-
clusive since the rate of oxygen replenishment in both types of bottles
after hydrazine had disappeared was similar.

Ammonia was present as a degradation product only in
the solutions containing Cu (Figure 4a). A lineal relationship was found
between hydrazine degradation and ammonia production at 25°C. Oxygen
concentration in the solutions containing Cu stayed close to O ppm as
long as some hydrazine remained. After hydrazine had degraded complete-
ly, the oxygen levels in solution increased until reaching equilibrium
with air (Figure 5a). The rate of oxygen replenishment was similar in
the serum vials and the polyethylene bottles, further confirming that the
seals in both types of containers were not impermeable to oxygen.

To further investigate the effect of serum vials on
the stability of hydrazine an experiment was set up using three different
sizes of the same type of serum vial with exactly the same sealing sys-
tem. Hydrazine solutions were prepared in fi.e diffecrenl treatments:
distilled water, 0.00! ppm Cu, 0.0l ppm Cu, 0.1 ppm Cu, and 1.0 ppm Cu
and they were incubated at 45°C, This set of vials was opened for analv-
sis and sealed again after air had filled the head space. In this case
diffusion of oxygen through the seal was not the controlling factor.
Data from this experiments are shown in Table 2.

The size of the container had no effect on the degra-
dation of hydrazine in distilled water (Figure 6a). However, in the pre-
sence of Cu hydrazine degraded faster in the 10mL vials that had a much
larger headspace to solution ratio and surface to volume ratio than the
50 or 100 mL vials (Figures 6c,d,e). Comparisons of other two vial sizes
indicated hydrazine degraded slightly faster in the 50 mL vials (Figures
6d,e). Both the 50mL and 100 mL vials had the same headspace to solu-
tion ratio but the smaller one had a slightly higher amount of solution

in contact with the wall of the container. The results indicate there is
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TABLE 2. AVERAGE MEASUREMENTS OF THE SERUM VIALS.
10 mL 50 mL 100 mL
4.4 10.2 20.6
2.90 4.40 6.00
1.05 1.90 2.30
3.46 11.3 16.6
0.44 0.20 0.20
2.25 1.28 1.03




; . +2 .
an interaction between the Cu ions and the hydrazine on the surface of
. ; . +
the container. This interaction was more pronounced as the solution Cu

concentration increased.
(2) Effect of Solution Ionic Strength

The experiment to evaluate the effect of dionic
strength on hydrazine degradation was carried out in scintillation vials

at 22°C. The ionic strength was adjusted using CaCl As shown in

9
Figure 7, ionic strength had a significant effect on the slope of the
degradation curve. Increasing the CaCl2 concentration increased the rate
of hydrazine autoxidation. The effect of water hardness on hydrazine

degradation has been previously reported (Reference 4).
(3) Effect of pH

In preliminary studies conducted over a wide range of
pHs the fastest rate of hydrazine degradation was found at pH 7.0 (Figure
8a). These results contradicted what some authors have reported pre-
viously (Reference 5). For this reason, a study was set up, maintaining
a pH of 7.0, but reducing the ionic strength of the phosphate buffering
system. Hydrazine degradation was approximately first order with respect
to phosphate concentration (Figure 8b). This result implied that phos-
phate ion concentration and not pH was the primary reason for the
increased degradation rate of pH 7. When the reaction was carried out in
scintillation vials at 22°C, degradation was very slow for both pH 7 and
9.5 solutions (Figure 9)., The ionic strength of the pH 7.0 buffer was
0.1, but in this case the buffer catalysis was not as important as in the
serum vials. This suggests an interaction between the phosphate and the
wall of the container as previously reported for Cu+2.

In the series of reactions carried out in the l.5-liter
Pyrex® cell it was not intended to evaluate the effect of pH. However,
to remove CO2 from the air we used a NaOH trap. The NaOH trap had a

small effect on the pH of the hydrazine solution in the presence of 1 ug

1_1 of Cu ion and it resulted in an increase in autoxidation of hydrazine
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above pH 9.4, Hydrazine degradation was negligible below pH 4 and
stopped completely at pH 2.

2. Effect of Gas Atmosphere

Our objective in preliminary studies was to evaluate the effect
of the composition of the gaseous atmosphere on hydrazine decomposition
in aqueous systems. To achieve this objective we conducted two experi-
ments at 22°C and 45°C using air, 1007 nitrogen and 1007 argon atmo-
spheres. Even though we found differences among gases (Figure 10) we
think the data is erroneous since the vials were provem to be slightly
permeable to air. When the experiment was conducted in the Pyrex
reaction cell, bubbling nitrogen gas throughout the experiment resulted

in no hydrazine degradation after 24 days.
3. Effect of Cu

The catalytic effect of Cu+2 on hydrazine autoxidation has been

reported (References 5,6,7). However those studies were carried out at
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pit 12, where the hydrazine degradation rate is a maximum (Reference 7).
To simulate what happens in the soil environment we found necessary to
carry the experiments at the pH obtained by the dissolution of hydrazine
in water without further adjustments, and with Cu concentrations similar
to those found in soils. In every case results were compared with those
obtained in deionized~bidestilled water whose Cu concentration was low
enough to be undetected by differential pulse stripping voltametry (<0.1
p.p.b.).

The first experiment at 25°C hydrazine did not degrade in the
absence of Cu in the polyethylene bottles (Figure 3b). However, in the
sernm vials, autoxidation occurred after an induction period. This
result agrees with Audrieth and Mohr's findings at a higher pH.

On the other hand, when | ppm Cu was present, hydrazine
degraded faster in the polyethylene bottles than in the serum vials
{Figure 3a). Visual observation of the experimental solutions containing
Cu revealed the presence of a reddish precipitate in the low hvdrazinc
concentration solutions (2 mM), and an almost black precipitate in the
high hydrazine concentration solutions (10.3 mM). The precipitates could
not be isolated because of their instability in the presence of air.

When oxygen was in excess over hydrazine (Figure lla), degrada-
tion was initially fast and the stoichiometry of the reaction was 1:1l.
Ammonia, if produced, was below the detection limits of our technic.
After the 1initial degradation, hydrazine concentration changed very
slowly although the solution was saturated with oxygen (Figure llb). Ten
percent of the initial hydrazine concentration remained after 60 days.

Increasing the temperature to 30°C and 45°C accelerated the
rate of initial reaction. However, after the oxygen from the solution
and from the headspace had disappeared the reaction slowed down (Figures
12a and 13a). Copper concentrations as low as 0.0l ppm exerted a marked
influence on the rate of autoxidation. At this temperature, the relation
between hydrazine degraded and ammonia produced was not lineal. The
ratio of ammonia produced to hydrazine degraded increased with tempera-
ture (Figure 12b and 13b).

When lower hydrazine concentrations were used (Figure 14) most

of the hydrazine had degraded after one day in the 0.1 and 1.0 ppm Cu
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treatment. Degradation in water was slcower than at high hydrazire con-
centration.

Experiments carried out in a l,5-liters Pyrex® cell allowed
control of the gas atmosphere and monitoring of changes in pH throughout
the degradation. However, the trap used to remove CO? from the air had a
slight effect on the pH of the solution. When purifi;d nitrogen was bub-
bled through the cell, no degradation had taken place after 20 days.

Degradation was fast when air was bubbled through a solution
containing 1 ppm Cu (Figure 15). Oxygen was consumed faster than it was
supplied. Changing air to a mixture of nitrogen and 12 percent oxygen
did not have a significant effect on the rate of hydrazine autoxidation.
At lower Cu concentrations, the rate of degradation was affected by the
pH of the solution, the rate being higher at a higher pH. When the trap
used was NaOH followed by direrite there was a delay period of 6 davs

after which degradation took place verv fast (data not shown).

a. Hydrazine Degradation in the Presence of Montmorillonite

(SAz-1).

Because of an increase in the autoxidation rate of hydra-
zine in Cu+2 related to the surface of the container in contact with the
solution, the reaction was probablv heterogeneous. Therefore, hydrazine
would probably degrade faster in a suspension that had certain amounts of
Cu+2 distributed between the surface and the supernatant than in a solu-
tion with the same Cu+2 concentration but no clay. This study used a
Na-montmorillonite suspension with particles smaller than 0.5 u/m. This
clay had a cation exchange capacity of 81 meq/100 g. Upon addition of an
aliquot of Cu solution about 857 of the Cu+2 was adsorbed by the clay and
157 remained in the supernatant (Table 3).

The presence of the clay had strong effect on hydrazine
degradation even when Cu was not present (Figure l6a). Addition of Cu+2
had a stronger effect on the solution than it did in the suspension (Fig-

ures l6b,c,d). Since the total amount of Cu was the same this shows that

free Cu 1s a more effective catalyst than exchangeable Cu.
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+
TABLE 3. DISTRIBUTION OF ADDED Cu “ BETWEEN THE SUPERNATANT
AND THE SURFACE OF THE CLAY

Clay Cu+2 added Cu+2 supernat. Cu+2 adsorb.
mg/ml ppm ppm ueq/g

2.7 0 0 0

2.7 0.01 b.d.1.% b.d.1.
2.7 0.1 0.0145 0.98

2.7 1.0 0.19 9.4

2.7 10.0 1.31 100

* b,d.l. below detection limits

4. Adsorption Isotherms
An assumption inherent in determining adsorption isotherms 1is
that loss of the sorbate is a measure of adsorption. The ascsumption is
valid for most sorbates, but not so for the highly reactive hydrazine
species. Earlier studies indicated that in aqueous systems with O, pre-

sent, hydrazine undergoes an autoxidation reaction as shown below:

NZHA + O2 —— N2 + 2 HZO (L)

Other parameters that influence this oxidation reaction are pH,
catalysts (Cu, Mn), temperature, and possibly light. Should the proper
conditions exist the following reaction might also be a possible pathway
for N2H4 loss:

3 NH, --- 4 NH3 + N, (2)

~

Exclusive of Reactions (1) and (2) the remaining possibilities

for hydrazine disappearance would be as follows:

+ + + +
- + N,H ~—= X-N_H + Na 3
X-Na 2"s X-N)Hs (3)
, : ; +
where X- is the ion exchange sites on clays or soils and Na is the coun-
ter ion. This exchange reaction is reversible and nondestructive. The
other type of reaction is a sorptive reaction that mayv or may not be

reversible:
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X-) + N_H, ---- X-)-N_H (4)

4 274

where X-) is the mineral or nonmineral surface that retains the hydrazine
molecule.

The adsorption isotherm experiments were conducted under condi-
tions that minimize Reactions (1) and (2) and partitions the retention of
hydrazine into Reactions (3) and (4). Subsequent desorption experiments
shed some light on the magnitude of irreversible adsorption of hydrazine

in the system studied.
a. Adsorption of Hydrazine on Na-Kaolinite

Under acidic conditions (pH=4.0) and low hydrazine concen-
trations, the primary mechanism of retention was on the exchange sites.
This was evident because of the concurrent appearance and disappearance
of equal amounts of Na+ and hydrazine, respectively, in the supernatant,

A slight rise in the pH of the clay suspension confirms that N was

H
the main species disappearing from solution because unpritinated
hydrazine would have to react with protons to maintain the appropriate
pKa equilibrium. At higher concentrations some hydrazine was adsorbed
onto sites that had not been occupied by Na+. No iron or silicon was
detected in the supernatant before or after the addition of hydrazine
(Tables 4 and 5). This would indicate that kaolinite was stable in the
presence of hydrazine and that no iron coatings were reducted by hydra-
zine. Exhaustive washing of the clay samples with 0.1N KCl resulted in a
90 percent recovery of initially adsorbed hydrazine from the highest
hydrazine additions (Figure 17).

Under alkaline conditions (pH = 8.0) the pattern was dif-
ferent. The amount of hydrazine adsorbed at any given solution concen-
tration was much higher than at pH 4., However, the amount of sodium dis-
placed by hydrazine was similar to that at pH 4. Most of the adsorbed
hydrazine was in the unprotonated form. This resulted in a lower clay
suspension pH upon addition of hydrazine. Only 80 percent of the hydra-

zine adsorbed was recovered after washing with KCl (Figure 17).
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TABLE 4. ANALYSIS OF KAOLINITE SUPERNATANTS AT pH 4.

Before adding hydrazine After adding hydrazine
Fe Si Hydrazine pH Fe Si
mmol/1 mmol/1 mmol/1 mmol/1 mmol/1
0.00 0.0 0.30 5.6 0.00 0.0
0.00 0.0 0.91 5.2 0.00 0.0
0.00 0.0 1.54 4.9 0.00 0.0
0.00 0.0 2.19 4.8 0.00 0.0
0.00 0.0 2.68 4.7 0.00 0.0
0.00 0.0 3.31 4,8 0.00 0.0
TABLE 5. ANALYSIS OF KAOLINITE SUPERNATANTS AT pH 8.
Before adding hydrazine After adding hydrazine
Fe Si Hydrazine pH Fe Si
mmol/1 mmol/1 mmol/1 mmol/1 mmol/1
0.00 0.0 0.12 6.8 0.00 0.0
0.00 0.0 0.45 6.4 0.00 0.0
0.00 0.0 0.92 6.4 0.00 0.0
0.00 0.0 1.41 6.8 0.00 0.0
C.00 0.0 2.20 7.4 0.00 0.0
0.00 0.0 3.04 7.5 0.00 0.0
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b. Adsorption of Hydrazine on Na-Montorillonite

The initial adsorption isotherm on Na-montmorillo-
nite was done without controlling the pH (Figure 18). The fact that
adsorption decreased at high hydrazine concentrations revealed that
hydrazinium produced a pH increase decreasing the concentration of hydra-
zinium in solution even more.

The following set of isotherms under controlled pH
confirmed that the main mechanism of adsorption in this clay suspension
was cation exchange, both at pH 4 and 8. In both cases, the pH of the
suspension increased up to 2 units. At pH 8 the amount of Na released by
the clay was higher than the amount of hydrazine being adsorbed. After
analyzing for silicon and iron we found that small amounts of montmoril-

lonite had dissolved (Tables 6 and 7).

TABLE 6. ANALYSIS OF MONTMORILLONITE SUPERNATANTS AT pH 4.

Before adding hydrazine After adding hydrazine
Fe Si Hydrazine pH Fe Si

mmol/1 mmol/1 mmol/1 mmol/1 mmol/1
0.03 6.3 0.01 6.6 0.06 16.8
0.03 6.3 0.02 6.4 0.06 11.9
0.03 8.3 0.07 6.2 0.04 6.0
0.03 8.3 0.18 6.2 0.00 0.9
0.03 4.3 0.33 6.0 0.00 0.4
0.03 3.6 0.53 5.8 0.00 0.4
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TABLE 7. ANALYSIS OF MONTMORILLONITE SUPERNATANTS AT pH 8.

Before adding hydrazine After adding hydrazine
Fe Si Hydrazine pH Fe Si
mmol/1 mmol/1 mmol/1 mmol/1 mmol/1
0.03 9.4 0.13 9.5 0.04 8.8
0.07 13.2 0.49 9.8 0.05 11.2
0.04 4,2 0.98 9.4 0.04 8.1
0.04 3.7 1.57 9.4 0.03 5.7
0.04 6.1 1.72 9.5 0.06 16.1
0.03 3.6 2.29 9.2 0.05 10.3

The excess sodium in the supernatant was probably associated
with the dissolved clay. Adsorption of hydrazine was lower in the mont-
morillonite suspension at pH 8., This rationale is logical because the

pKa of hvdrazine indicates that the majority of the hydrazine at this pH
+
is in the neutral form rather than the NZHS

KCl desorbed 607 of the adsorbed hydrazine at pH 4.0 and the same percen-

form. Washing the clay with

tage was recovered at pH 8.0 (Figure 19).

6. Adsorption of Hydrazine on Arredondo Soil Horizons

Selected chemical properties of Arredondo soil top horizons are
presented in Table 8. The most important difference among them with
respect to hydrazine adsorption are a higher clay and organic matter con-
tent in the Ap horizon and a lower concentration of mctals in the E2
horizon,

The first set of isotherms from Arredondo horizons is presented
in Figures 20, 21, and 22. The isotherms were carried out in an anaero-

bic 1incubator, maintaining a constant ionic strength. Hydrazine ad-

sorption was correlated to organic matter and clay content. Adsorption
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Figure 20.
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TABLE 8., PROPERTIES OF ARREDONDON SCIL TOP HORIZONS

Horizon %Z Clay 7 O.M, pH Cu Mn Al Fe

MG / Kg soil

Ap 2.6 1.84 6.0 0.04 9.6 221 17.6
El 1.7 0.34 5.9 0.24 2.5 250 17.6
E2 1.8 0.14 5.4 0.16 1.2 86 10.4

was higher at pH 8 in all three horizons indicating that both species,
neutral hydrazine and hydrazinium, were adsorbed. Because ionic strength

+2

was maintained with CaCl hydrazinium ion had to compete with Ca for

’
the exchange sites and aéiorption was probably lower.

In the second set of isotherms from Arredondo soil horizons.
total hydrazine adsorbed and hydrazine in exchangeable sites were sepa-
rated by measuring Na+l displaced from the surface of the clay to the
supernatant by the hydrazinium ion (Figures 23 and 24).

The main mechanism of adsorption at pH 4 and low hydrazine con-
centrations in the Arredondo Ap horizon was cation exchange. However, at
higher concentrations more than 50 percent of the hydrazine interacted
with a different kind of binding site. Because the Ap horizor had almost
2 percent organic matter it appears that hydrazine was adsorbed on
organic surface functional groups such as carbonyl groups. No hydrazine
was recovered during the desorption process with 0.1 N KCl. The results
were very similar at pH 8.0 except for a higher adsorption at high
concentrations on non exchangeable sites. At this pH, 20 percent of the
hydrazine initially adsorbed was extracted.

Analysis of the supernatant for the Arredondo Ap and E2 soil
horizons are shown in Tables 9, 10, 11, and 12. Under acidic conditions
(pH 4.0) it appears that the main species removed from solution was the
hydrazinium ion which resulted in an increase in solution pH (Table 9 and
11). Under alkaline conditions (pH 8.0), there was a subsequent decrease
in pH as a result of hydrazine (the neutral species) being the main

species removed from solution. These shifts in pH are a result of the
pKa of hydrazine as the solution obtains equilibrium.
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Figure 24.
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TABLE 9.

Before adding hydrazine

After adding hydrazine

ANALYSIS OF ARREDONDO Ap SUPERNATANTS AT pH 4.

Fe Si Hydrazine pH Fe Si
mmol/1 mmol/1 mmol/1 mmol/1 mmol/1
0.14 1.3 0.01 6.4 0.15 1.3
0.12 1.1 0.05 6.0 0.12 1.0
0.12 1.2 0.25 5.7 0.00 0.2
0.15 1.5 0.54 5.4 0.00 0.5
0.13 1.3 0.93 5.3 0.01 0.5
0.16 1.5 1.47 5.0 0.02 0.4
TABLE 10. ANALYSIS OF ARREDONDO-Ap SUPERNATANTS AT pH 8.

Before adding hydrazine

After adding hydrazine

Fe Si Hydrazine pH Fe Si
mmol/1 mmol/1 mmol/1 mmol/1 mmol/1
0.08 0.5 0.02 6.6 0.16 1.7
0.08 0.4 0.14 6.4 0.16 1.8
0.08 0.4 0.27 6.5 0.19 1.7
0.08 0.5 0.52 6.5 0.16 1.2
0.07 0.6 0.83 6.6 0.20 1.7
0.09 0.6 1.28 6.7 0.20 1.7
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TABLE 11. ANALYSIS OF ARREDONDO-EZ SUPERNATANTS AT pH 4.

Before adding hydrazine After adding hydrazine
Fe Si Hydrazine pH Fe Si

mmol/1 mmol/1 mmol/1 mmol/1 mmol/1
0.00 0.0 0.25 5.8 0.00 6.3
0.00 0.0 0.90 5.5 0.00 0.2
0.00 0.0 1.57 5.3 0.00 0.5
0.00 0.2 2.28 5.1 0.00 0.5
0.00 0.1 3.04 4.9 0.00 0.5
0.00 0.1 3.77 4,8 0.00 0.5

TABLE 12. ANALYSIS OF ARREDONDO-E2 SUPERNATANTS AT pH 8.

Before adding hydrazine After adding hydrazine
Fe Si Hydrazine pH Fe Si

mmol/1 mmol/1 mmol/1 mmol/1 mmol/1
0.04 0.8 0.18 7.0 0.16 1.5
0.07 0.8 1.18 7.0 0.01 0.4
0.08 0.8 1,87 7.0 0.01 0.5
0.07 0.8 2.76 7.0 0.01 1.2
0.05 0.5 3.17 7.3 0.01 0.6
0.04 0.4 11.90 7.7 0.01 0.6
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Arredondc EZ horizon adsorbed less hydrazine than the Ap hori-
zon. Under acidic conditions the main mechanism of adsorption was cation
exchange specially at low hydrazine concentrations. Under alkaline con-
ditions (pH 8) hydrazine was adsorbed mainly in nonexchangeable sites. A
summary of the adsorption data for all materials tested are shown in

Figure 25,
D. CONCLUSIONS

Hydrazine autoxidation in solution appeared to follow the reaction

in Equation (1).

N2H4 + O2 —— N2 + 2H20 (1)
Hvdrazine autoxidation occurred only at pH values above 4.0,
Autoxidation did not occur when the pH was less than 4.0 even in the
presence of a catalyst. At pH values above 4.0 the rate of reaction was
first-order with respect to Cu concentration. Other factors observed to
affect the rate of hydrazine autoxidation in solution were buffer
concentrations (phosphate), ionic strength, and temperature. For the two
natural waters studied a half-life of 8 to 12 days was calculated.

Hydrazine degraded faster in the presence of the clay minerals
kaolinite and montmorillonite than in clay-free solutions. When Cu2+ was
present in the clay studies the rate of hydrazine degradation was
enhanced above that of clay alone. This was a result of the free Cu2+
in solution rather than a clay-Cu2+ surface reaction.

The nature and extent of hydrazine adsorption by clays and soils is
highly dependent on the types of surface functional groups present in the
solid surfaces. Under acidic conditions (pH 4.0) 99.97 of the hydrazine
occurred as the protonated species (N2H5+) and should have been able tc
readily replace Na+ from exchange sites. Under alkaline conditions (pH
8.0), 50% of the hydrazine was protonated and 507 was in neutral form.

In the case of kaolinite, where most of the surface functional

groups consists of the inorganiuc CH groups exposed on broken edges,

53




UNEXTRACTED HYDRAZINE (umol/g)

KAOLINITE
pH 4
I ARRED-E2
T ARRED-Ap
36 - MONTOMORIL.+
30 1
25 - ‘ﬂ! 4 1, ‘i1
20 - % L_7
15 - ’ ’ g
10 - : ~
5 - -/ gy ‘ //_/‘"///
0 é&mmw/ é&mmm% é&mmmé/QQEENV/gmmmmf/
T T T 4 T T
(o) 1 2 3 4 5

EXTRACTION #
+ CONCENTRATION / 10

UNEXTRACTED HYDRAZINE (umol/g)

NN kaoLINITE i

7 Bl ARRED-E2
2 H .
// pH 8 T 1 ARRED-Ap j
% MONTMORIL.- ;
N ' 4%%% A |
N i -
; o
2 i
. -
10 . i 5
- i -—— ' 7 i pad
- - - . - - ‘—1/
5 4 ' ‘- = s Ve )7/
\ N N f X N T Py
. N DR Z AN i
0 : 2 3 4 5
EXTRACTION #
Figure 25. Hydrazine Extraction From Kaolinite and Montmorillonite Clays

and From Arredondo Ap and E2 Horizons at pH 4 and pH 8.

54




hvdrazine primarily replaced Na+ from exchange sites under acidic
conditions. Under alkaline conditions, the same amount of Na+ was
displaced by hydrazine as at pH 4.0; however, most of the adsorbed
hydrazine was retained on sites that had not previously been occupied by
Xa+. The most likely mechanism would be H bonding to the siloxane
ditrigonal cavity on the outer surface of the clay particles. Ninety
percent of the hydrazine adsorbed at pH 4 was removed by KCl washing,
whereas 807 was removed at pH 8.0.

Montmorillonite has a much larger CEC due to isomorphic substitution
in its octahedral layer. It primarily retained hydrazinium ion on
exchange sites, both under acidic and alkaline conditions. Hydrazine
adsorption was lower at pH 8.0 due to the reduced amounts of hydrazine

ion under alkaline conditions. Adsorpticn of small amounts of X at

JH
pH values near the pKa resulted in equilibrium shift favoring t;esNgHé
species, an increase in pH, and a subsequent reduction in the NzﬁsT
available for exchange. Only 607 of the hydrazine adsorbed =zt both pH
values could be removed with KC1, The remaining 407 was either
irreversibly adsorbed or could have been degraded. A possible mechanism
for irreversible adsorption could be through complexation with iron in
the structure of the clay.

Even though the clay content (primarily kaolinite) in the upper
horizons of the Arredondo soil was higher than the organic matter
content, hydrazine adsorption was better correlated to organic matter
content. This reflects its higher CEC and affinitv of the organic
reactive groups for hydrazine. Under acidic conditions and at 1low
hydrazine concentrations, hydrazine primarily replaced Na+ from exchange
sites; however, none of the hydrazine adsorbed at pH 4.0 was removed from
any of the two horizons by repeated washings with KCl, and only a small
fraction was extracted by 0.1 N HCl, We believe that, after hydrazine
was retained on the exchange sites of organic matter, hydrazine reacted
further with other neighboring groups in the organic structure, thus
preventing its extraction with KCl. Under alkaline conditions (pH 8)
hydrazine was adosrbed more readily than at pH 4; however, the amounts of
sodium released were slightly smaller. This indicates a preference for

+
N,,H4 at this pH. Most of the hydrazine that had replaced Na was removed
by a single washing with KC1.

55




SECTION III
SURFACE CHEMISTRY OF HYDRAZINE
A, INTRODUCTION

The attenuation of hydrazine and its methyl derivatives by soil and
aquifer constituents 1s of interest to the United States Air Force
because of their use in several Air Force weapon systems and their
adverse biological activity to man. Although the macroscopic adsorption
behavior of hydrazine by clay minerals has been studied (Reference 1),
little is known about the chemical mechanism(s) of interaction. Adsorp~
tion date are macroscopic intrinsically insensitive to molecular phenc-
mena; adsorption data cannot be interpreted to obtain unequivocal,
molecular-level information about the adsorbed species (Reference R8).
The objective of this research effort will be to examine the molecular-
level interactions of hydrazine with kaolinite using several ncn-
invasive, in situ spectroscopic methods.

The vibrational spectrum of kaolinite, a ubiquitous l:1 clay mineral
found throughout the world, has been studied more intensively than that
of any other 1:1,2:1. or 2:2 clay mineral (Reference 9). This spectro-
scopic interest in kaolinite is, in part, a result of its well-resolved,
sharp hydroxyl stretching bands. In contrast to the broad vibrational
linewidths of hydrous metal oxides and 2:1 clay minerals that typically
have bandwidths of greater than 50-100 cm-l, the measured full-width-at-
half-maximum (FWHM) values for the hydroxyl stretching bands of kaolinite
range (Reference 10) between 5 and 12 cm-l. These comparatively sharp
vibrational bands of kaolinite provide surface-sensitive probes of
changes in the chemical environment surrounding these hydroxyl groups.

A more complete vibrational analysis of adsorbate-surface complexes
can be obtained when perturbed vibrational modes of the adsorbate and of
the surface are observed. This study will employ the surface hydroxyl
groups of kaolinite as molecular probes of the interation between kaoli-
nite and hydrazine upon formation of the intercalation complex. Changes
in the frequency, intensity, and lineshape of the adsorbed species can

provide direct information about the structure of the adsorbed species




and what chemical functional group(s) of the adsorbate are involved in
bonding to the surface. However, these data do not provide unambiguous
information about the orientation of the adsorbed species, or about which
surface functional groups are involved in bonding to the adsorbate. This
information can best be obtained by observing the perturbed vibrational
models of the substrate. The well-resolved IR- and Raman-active bands of
kaolinite should allow perturbed vibrational modes of the substrate to be

resolved.

B. EXPERIMENTAL

1. Clay Mineral Preparation for FT-IR Analysis

The clay mineral samples studied were obtained from the Source
Clavs Repository located at the University of Missouri and operated by
the Clay Minerals Societv. The kaolinite sample was the well-crvstalline
KGa-1 Georgia-kaolinite collected from Washington county, Georgia, and
the montmorillonite samples was the Saz-1 Cheto-montmorillonite collected
in Apache county, Arizona. A complete description of the physical pro-
perties of these clay samples has been given by van Olphen and Fripiat
(Reference 11). In addition, Raman and IR spectra of the KGa-! kaolinite
clay have been reported by Johnston et. al. (Reference 10). The
collodial behavior of l:1 clay minerals (i.e., kaolinite and serpentine
group minerals) are fundamentally different from that of the 2:1 clays;
therefore, separate clay mineral preparation and purification procedures
were used for preparing the KGa-l and SAz-l clay materials.

The procedure usel to prepare the SAz-1 Cheto-montmorillonite
clay sample was similar to that described by Sposito et al. (Reference
12). Sixty grams of the crude reference clay were placed in 1 liter of
distilled, deionized water and mixed for 2 hours with a mechanical
stirrer. The fraction having an equivalent-spherical-diameter (e.s.d.)
of <0.5um in suspension was separated by centrifugation and then
flocculated by adding 800 mL »>f a solution containing 0.001 M HCl in 1M

NaCl. The flocculated clay in the NaCl-HCl solution was centrifuged for
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15 minutes at 5000 rpm on a Sorvall S$S-3 centrifuge equipped with a Model
G.S.A. head. After the <clear supernatant solution was carefully
decanted, the SAz-l1 clay plug at the bottom of the centrifuge tube was
redispersed manually into a fresh NaCl-HCl solution and the suspension
was shaken on try shaker for 20 minutes. The suspension was centrifuged
again as described above. This washing procedure was repeated about
three times until the pH value of the supernatant solution dropped to
3.0, After the final NaCl-HCl wash and centrifugation, the Saz-l clay
plugs were redispersed into a 0.1 M NaCl solution and a similar washing
procedure was repeated about five times using the 0.1 M NaCl solution
until the pH of the supernatant solution equaled that of the 0.1 M NaCl
solution (pH 5.5). After the last wash, the clay was redispersed in 0.1
M NaCl and stored in suspension prior to the spectroscopic analysis.

The clay preparation procedure used for the KGa-1 kaolinite
sample was similar to the procedure described by Johnston et al.
(Reference 10). Two hundred grams of the untreated KGa-1 clay were
placed in 1 liter of distilled, deionized water and dispersed for size
fractionation by adjusting the pH to 9.5 by the addition of few drops of
0.01 M NaOH. The kaolinite-suspension was size fractionated immediately
by centrifugation and the fraction have an e.s.d. of <2.0 uym was col-
lected. The suspension then was flocculated by the addition of 1 liter
of 0.0001 M HC1l in 1.0M NaCl. To separate the supernatant solution from
the flocculated clay, the suspension was centrifuged at a relative centi-
fugal force of 700. The supernatant solution was then decanted and its
pH value measured. The kaolinite samples were redispersed manually into
1 liter of the 0.0001 M HC1/1.0 M NaCl solution, and the washing proce-
dure was repeated until the pH value of the supernatant solution equaled
that of the washing solution (pH 3) this objective typically required
five washed. At this point in the procedure, the clay was redispersed
into 1 liter of 0.01 M NaCl, and the above procedure was repeated five
more times. The treatment was adequate to raise the pH of the superna-
tant solution to 5.5. The final step of the procedure consisted of
redispersing the clay into 0.01 M NaCl and adjusting the volume of the
flocculated suspension such that a clay concentration of 20 percent (w/w)

was obtained.
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C. DESCRIPTION OF THE BOMEN DA3.10 FOURIER TRANSFORM SPECTROMETER

FT-IR spectra were obtained on a Bomem DA3.10 Fourier transform
spec.rometer. The DA3.10 spectrometer utilizes a Michelson interfero-
meter with the beamsplitter positioned at a 30-degree angle to the opti-
cal axis. A sixty degree field-of-view Infrared Associates broad-band,
liquid nitrogen cooled, mercury-cadmium-telluride (MCT) detector fitted
with a KRS-5 infrared window was used for these FT-IR studies. The

active area of the detector element was 1.032 mm, . The measured D* value

of the detector was 3.13 x 109 cm HzO’5 and the cutoff wavenumber was 400

cml_(ZS microns). A midinfrared, watercooled, ceramic silicon carbide
source was used for the mid-IR region and a visible quartz tungsten halo-
gen source, mounted inside the spectrometer, was used for sample align-
ment.

The optical resolution used in these studies ranged between 2.0 and
0.5 wavenumbers. A preliminary study showed that the spectra of kacli-
nite were not instrument-limited for nominal resoluticn values of 0.5,
1.0, 2.0 cm-1. At 4.0 cm—lresolution, however, the spectrum of kaolinite
was instrument-limited. The FT-IR spectra of the SAz~1 Cheto montmoril-
lonite sample were not instrument limited at a resolution of 2.0 cm—l. A
Hamming apodization function was used to weight the <cosine wave
interferograms, 1Initially, a low-resolution double-sided interferogram
was collected and the phase angle deviation from zero of the
interferograms was determined using the Formaﬁ method (References 13-15).
The phase correction determined from the double sided interferogram was
stored in the HSVP, Subsequently, all single sided, high resolution
interferograms were corrected using these stored values. Typically,
16000 data points collected per single sided interferogram with
approximately 900 data points collected before the centerbrust.
Programmable low-pass and high-pass analog filters were used to optimize
the signal-to-noise ratio. A low pass cut-off filter of 20 KHz, and a
high-pass cut-off filter of 2 Nz (3 db cut-off frequencies).
Interferograms were collected with a moving mirror velocity of 0.5 cm/sec
which corresponded to a sampling frequency of 15.8 KHz. The dynamic
range of the analog-to-digital converter was 16 bits and the word length

of the Vaxstation-II computer was 32 bits. One sample point was
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collected per laser fringe with a resolution of 16 bits per sample.
Typically, 256 scans were coadded for the sample and reference files,
The total measurement time for coadding 256 scans was 200 seconds for 1
cm_lresolution and 600 seconds for 0.5 cm_lresolution. No smoothing or
interpolation algorithms were used.

The sample compartment of the Bomem DA3.l10 was operated under a

reduced pressure of 0.05 torr to remove interferences from H,0 and CO,

and other vapor phase constituents. The sample cover access éiates were
modified to accommodate two 3/8" MDC quick-disconnect vacuum tube feed~-
throughs which provided a conmection through the vacuum wall of the spec-
trometer from the vacuum manifold to the CE-TR cell in the sample com-~

partment.
D. DESCRIPTION OF THE VAXSTATION-II DATA ACQUISTION SYSTEM

The data acquisition system for the Bomem DA3.10 spectrometer was a
Digital Equipment Corporation (DEC) Vaxstation-II computer. The
Vaxstation-II computer consists of a pVAX-ii cpu with a dedicated high~
resolution, bit-mapped graphic display terminal., The Bomem DA3.10 spec~-
trometer is connected directly to a high-speed vector processor (HSVP)
through a dedicated 50-line parallel interface. The Vaxstation-II com~
municated with the HSVP through a National Instruments General Purpose
Interface Bux (GPIB) Card (Model No. GPIB11V-2) which was resident on the
Q—bué of the Vaxstation-II. The initial data acquisition system used to
collect data from the Bomem was a DEC PDP 11/23 computer (which also
supports the Q-bus). The use of the PDP 11/23 was limited for this
application because of the 16-bit word-length and address restriction,
limited storage capability, and the extremely slow display output which
resulted from the 9600 baud serial-throttle of the VT-240 terminal. The
slow display and low resolution of the VT-240 terminal, in particular,
were serious limitations of the PDP 11/23. In terms of overall
computational performance, the Vaxstation-II (yVAX-II) system is - 20
times faster than the PDP 11/23, Bomem does not support their sftware
on the Vaxstation-II, thus, the Bomem Fortran-77 and assembly-level
(Macro-11) codes were modified and transferred to the Vaxstation-II.

Most of the routines could be transferred directly to the Vaxstation-II
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with little, or no, modification; however, the HSVP routines had to be
re~written altogether because of the significant differences between the
VAX/VMS and RT-11 coperating systems.

In addition to the HSVP routines, new codes were developed to sup-
port the VR260 graphic display terminal. The Vaxstation-II software pro-
vided two environments for the development of the graphic display codes:
the VAX GKS run-time library of graphical functions that are defined by
the ANSI X3.124-1985 and ISO 7942-1985 Graphic Kernel System (GKS) stan-
dards, or the device dependent MicroVMS Workstation Graphics. The VAX
GKS environment was chosen over the latter because GKS is supported on a
number of different machines (e.g., DEC, IBM, HP etc.) and support a num-—
ber of different graphic output formats dincluding the Tektronix
4010/4014, DEC VT-125, DEC Vaxstation-II VR260, LVP16, HP7470, HP7475A,
LNO3, and GKS Metafile formats. The graphic display codes were developed
on the Vaxstation-II operating under the VAX/VMS Version 4.5 operating
system using V3.l of the MicroVMS workstation software. The VAX GKS VI,
run—-time library of graphical functions were called form VAX Fortran-77

V4,

E. DESCRIPTION OF THE CONTROLLED-ENVIRONMENT-TRANSMISSION CELL AND
MANIFOLD

The controlled-environment-transmission (CE-TR) cell was a modified
10 cm pathlength cell fitted with two Kontes teflon stockcocks, and two
49 mm x 3 mm ZnSe windows using Viton o-rings. The kontes teflon stock-
cocks were modified at the glass shop to accommodate two Lab-Crest Model
571-190 9 mm Solv—Seal® joints. The Solv-Seal joint system incorporates
a TFE seal with two Viton o-rings and can be pumped down to 10—8 torr.
Clay films were held in place in the CE-TR cell using a TFE holder which
allowed the films to be mounted at 90 or 60 degree angles of incidence to
the modulated IR beam. The CE-TR cell was mounted on a Newport Research
Corsoration (NRC) Model 460-XYZ-DM translation stage which was used to
position the cell in the spectrometer.

The vacuum svstem consisted of a 195 liter-—minute_l mechanical pump,
J-angstrom molecular sieve trap, three way isolation valve, water-cooled

Edwards Eiffstak 63 oil-diffusion pump (135 liter—sec—l), Edwards Penning
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& Pirani gauge-head assembly, I1S0-63 flange to KF-40 flange adapter,
KF-40 isolation valve, KF-16 relief valve, 1 meter KF-40 stainless steel
bellows, glass liquid nitrogen trap fitted with Lab-Crest Model 571-190
15> mm Solv-seal joints, and a five-place Teflcn®/glass Airless-ware mani-
fold fitted with Lab-Crest Model 571-190 9 mm Solv—Seal® joints, Because
all of the glass joints were terminated with the Lab-Crest Solv-seal
joints, the vacuum manifold was highly modular. An Edwards Model 1005
contrcller fitted with two Pirani gauge heads and one Penning gauge were
used to monitor the pressure in the CE~TR cell and vacuum manifold in the

760 torr to 10_7 torr range.
F. LOW TEMPERATURE FT-IR STUDIES

Low temperature FT-IR spectra were obtained on the Bomem DA3.!C
spectrometer using an air cooled Air Products CS-Z02 cryogenic refrigera-
tion system. The CS-202 expander module was mounted in a nren-standard
vacuum flange in the sample compartment of the DA3.10 spectrometer. The
expander module was connected to an external medium/high vacuum pumping
system (10-8torr). A 25mm x 2mm ZnSe window was mounted in the Air Pro-
ducts DMX-1 sample holder using indium gaskets. The vacuum shroud was
fitted with 2 49mm x 4mm ZnSe windows using Viton o-rings. During the
operation of the cryogenic refrigeration system, the pressure in the
expander module was maintained below 5 x 10—'6 torr. The temperature of
the sample holder was measured using a Chromel/Gold 0.07 Atomic 7 Iron
thermocouple connected to an Air Products Model APD-E digital temperature
controller. Temperature of the sample holder was regulated, using the
APD-E controller and a 20-watt proportional-plus-reset-plus-rate con-

troller.
G. RESULTS

Figure 26 shows the controlled-environment transmission (CE-TR)
FT-IR spectrum of a thin deposit of KGa-! kaolinite on a ZnSe window in
the 400 cm-1 to 4000 cm-1 region. Expanded plots of this spectrum are
shown in Figures 27 and 28 and the observed band positions are tabulated

in Table 13. Preliminsry FT-IR studies showed that the KGa-1 kaolinite
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TABLE 13. BAND ASSIGNMENTS OF KGa-1 KAOLINITE.

544 Si-0-Al skeletal vibrations
606.0 Si-0-Al skeletal vibrations
643.4
690.1 -OH deformation - gibbsite layer
787.8 -OH deformation - gibbsite layer
799.7
915.3 Al-0-H deformation, Inner-Surface
hydroxyl
939.9 Al-0-H deformation, Inner Hydroxvl
1009.6 Si-0 stretch
1034.2 Si-0 stretch
1116.6 Si-0 stretch
3620.1 Al-0-H stretch, Inner hydroxyl group
3652.1 Al-0-H stretch, Inner-Surface hydroxyl
group
3668.9 Al-0-H stretch, Inner-Surface hydroxyl
group
3693.9 Al-0-H stretch, Inner-Surface hydroxyl
group
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spectra were not instrument limited at 0.5 and 1.0 cm_l nominal resolu-

. , . -1
tion wvalues. At 2.C cm a nominal resolution value of 1.0 cm was

chosen for this study. The positive-slope of the baseline in the spec-
trum of the KGa-l kaolinite deposit shown in Figure 1 is a reproducible
feature of FT-IR spectra of kaolinite deposits on IR window materials,
ZnSe was used in this study.

The derivative shaped baseline in the v(0-H) region is an artifact
resulting from the Reststrahlen effect (Reference 16). This behavior
results from the variation of the refractive index of the sample near the
absorption bands of the clay. No baseline correction or smoothing algo-
rithms were used to manipulate the spectral data presented in Figures 26
to 28. One advantage of diffuse reflectance sample presentation over the
transmission sample presentation method employed in this study is theat
the Reststreahlen effect is absent using the diffuse reflectance method
(Reference 17).

An expanded plot of the KGa-! kaolinite absorbance FT-IR spectrum in

the 500 to 1200 cm_l region is shown in Figure 27. There is general
1

1

agreement in the literature that the bands at 1010, 1034, and 1117 ecm
are Si-0 stretching bands. The frequencies of these bands, the 1117 cm
band in particular, are sensitive to the size and shape of the particles,
and to the orientation of the particles with respect to the IR beam.
Selective deuteration (Reference 18-19) studies have shown that the 915
and 940 cmnl bands are assigned to the Al-0-H deformation bands of the
inner-surface, and inner hydroxyl groups of kaolinite, respectively.
Farmer et al. (References 20-21) have assigned the 690, 753 and 799 cm—1
bands to hydroxy groups of the gibbsite layer of kaolinite. The band
assignments for the lower frequency modes of kaolinite have not been
assigned; however, Stubican and Roy (Reference 22) have suggested that
the 544 band is a Si-0-Al skeletal vibration.

Four well-resolved bands are observed in the FT-IR spectrum of kao-
linite in the hydroxyl stretching region at 3620, 3652, 3669, and 3694
cm_1 (Figure 28). For comparison, the Raman spectra of KGa-1 kaolinite
in the 3600 to 3725 cm—-1 regions are presented in Figure 29-31. The
FT-IR spectrum (Figure 28) and the Raman spectra (Figure 31) of the KGa-1

kaolinite sample are similar. The Raman spectra of the Mesa Alta
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kaolinite sample are similar. The Raman spectrum of the Mesa Alta kao-
linite sample, however, shown at the top of Figure 31, has a fifth
hydroxyl stretching band which is Raman-active spectrum but not in the
IR-active (Reference 10). The observation of five Raman O-H stretching
bands was first reported by Wiewora et al (Reference 23) for a Keokuk
kaclinite sample.

Band positions obtained from the CE-TR spectrum (Figures 26-28) are
shown in Table 13 and are in good agreement with the dispersive-IR and
Raman literature values for kaolinite (Reference 9). For comparison, the
Raman spectra of KGa-1 kaolinite in the 3600 to 3725 cm—l, 100 to 1000
cm—l, and 200 to 1000 cm-1 regions are shown in Figures 29, 30. There is
a strong correspondence between the Raman and IR spectra of kaolinite in
the hydroxyl stretching region (Figure 31). What is not apparent from
this comparison, however, were the large differences in scan collections
times; for a 110 cm-l resolution Ramarn scan of kaolinite using a typical
dwell time of 5 sec step_l in the 100 to 4000 cm_1 region would require
325 minutes (5.5 hours) of sample collection time. In contrast, a compa-
rable SNR could be obtained in approximately 1 minute using CE-TR FT-IR.
Thus, CE-TR FT-IR methods are characterized by a much higher sensitivity
than Raman techniques for studies of clay minerals. In the hydroxyl
stretching region of kaolinite, CE-TR provides a considerable advantage
over Raman methods considering the similarity of the spectra in this
region and the much longer scan times required for Raman spectra. 1In
contrast to the good overall agreement between the Raman and CE-TR
spectra in the hydroxyl stretching region, there is poor correspondence
between the spectral band positions and relative intensities of the Raman
(Figures 29, 30) and CE-TR (Figure 27) spectra in the low frequency
region. Thus, a more complete characterization of the lower frequency
vibrational modes of kaolinite is obtained using a combined application

Raman aud FT-IR methods (Reference 22).
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The crystal structure of kaolinite projected onto the (100) plane is
shown in Figure 32. This drawing illustrates the two distinct types of
hydroxyl groups that reside within the crystal structure of kaolinite;
the inner hydroxyl "sandwiched" between the octahedral and tetrahedral
layers of the clay lattice, and the inner-surface hydroxyl groups located
on internal surface of the 'gibbsite-like'" Aluminum octahedral layer.
The 3620 cm"l band has been conclusively assigned to the inner hydroxyl
group of kaolinite. This hydroxyl group is highly resistant to isotopic
exchange with deuterium and to dehydroxylation at elevated temperatures
relative to the other hydroxyl stretching bands because of its recessed

location with the kaolinite structure.
H. LOW TEMPERATURE FT-IR STUDIES OF KGa-! KAOLINITE?

One of the objectives of the research effort was to obtain low tem-
perature FT-IR spectra of the kaolinite-hydrazine complex. Low tempera-
ture FT-IR spectra of kaolinite, or any other clay mineral, have not teen
reported in the literature. Consequently, FT-IR spectra of kaolinite
were obtained as a function of temperature to assist in assigning low
temperature features of the kaolinite-hydrazine FTI-IR spectrum. The
lower frequency bands of kaolinite in the 600 to 1200 cm_1 region are
presented in Figure 33 as a function of temperature. A scatter plot of
the relative shift of the low frequency bands relative to the root tem-
perature frequency positions is presented in Figure 34. In general, only
a minor increase in frequency is observed for the lower frequency bands.
The observed increase in frequancy uron cooling is related to the thermal
contraction of the unit cell of kaolinite. Figure 35 shows the relative
frequency response of the Al-0-H deformation models as a function of tem-
perature. The shift in frequency of the 915 cm-l band as a function of
temperature is generally the same as that observed for the other low fre-
quency modes; the frequency of the band increases upon cooling resulting
from the temperature induced contraction of the clay lattice. The behav-
ior of the 940 cm-1 band is unique, however, in that the observed fre-

quency does not increase at lower temperatures.
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Temperature Dependence of Kaolinite Lattice Bands
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The temperature dependence cof the IR-active hydroxyl stretching
bands is shown in Figure 36. The bank positions of the observed bands
are presented in Table 14 as a function of temperature. Prost (Reference
24) reported the IR spectrum of kaolinite cocoled to 150 K recently. The
spectra reported in Figure 36 represent the first reported FT-IR spectra
of kaolinite cooled to near liquid helium temperatures. One of the main
advantages in vibrational spectroscopy of cooling samples is that the
rnatural linewidths associated with vibrational transitions are tem-
perature-dependent; i.e., thus, greater resolution of vibrational struc-
ture is often realized at lower temperatures. The low temperature spec-—
trum of kaolinite obtained at 10 K shows clearly the presence of several
"new" vibrational features which are not present or resolved at room tem-
perature. These 'mnew'" low-temperature features of the kaolinite spectrum
have not been assigned as yet; however, the data presented in Figure 36
do show that increased resolution of the hydroxyl stretching bands of
kaolinite is realized at near liquid helium temperatures.

Figure 37 presents the temperature dependence of the hydroxvl
stretch bands and Figure 38 shows the relative shift in frequency of
these bands compared to the room temperature band position. The observed
shifts are in agreement with the direction and magnitude of the shifts
reported in the literature (References 24-25). No explanation has been
provided, as yet, to account for the blue shift of the 3620 cm_1 band and
the observed red shift of the inner-surface hydroxyl bands. The average
net increase in frequency of the inner-surface hydroxyl groups observed
upon ccoling from 300 K to 10 K is 13 cm_l; in contrast, the frequency of
the 3620 cm_1 band was observed to decrease by -4 cm-l. These observed
opposite shifts of the hydroxyl stretching bands may provide a useful

spectroscopic method for identifying OH stretching bands in the future.
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'mperature induced shift in band position of hydroxy! stretching tands
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TABLE 14. BAND POSITiIONS OF KGa-! WAOLINTE AT 300 K,
250 X, 200 K, 150 K, 50 K AND 10 K.
606.0 604.3 603.9 605.9 607.5 608.1 607.4
€43.4 645.8 646.8 647.7 647.8 649.0 648.4
690.1 693.5 693.1 694.8 694.4 649.7 695.8
753.0 753.9 754.6 754.4 7154.4 754.7 754.4
787.8 789.1 789.3 788.8 789.6 789.6 788.6
799.7 798.1 799.8 800.4 800.0 801.6 800.8
915.3 916.9 918.0 918.4 918.2 918.2 918.3
939.9 940, 939.9 939.7 939.6 939.5 93¢.8
1009.6 1011.6 1011.8 1013.8 1014.3 1014,2 1014
1034.2 1036.9 1037.3 1036.8 1039.1 1038.3 1039.°%
1117.1 1118.4 1118.4 1118.4 1118.8 1118.8 1119
3620.1 3618.7 3617.9 3617.1 3616.9 3616.6 3616.5
3638.5 3639.5
3654.0 3655.01
3652.1 3653.8 3656.6 3659.6 3661.7 3662.4 3662.9
3668.9 3672.4 3675.6 3678.1 3679.8 3680.3 3680.4
3693.9 3698.1 3701.9 3705.5 3708.0 3709.1 3708.9
3730.3 3731.2
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I. FT-1IR STUDIES OF THE KAOLINITE-HYRDRAZINE INTERCALATION COMPLEX

Expansion of the kaolinite lattice upon intercalation by hydrazine

is by a plot of the X-ray diffraction dOOl reflections of kaolinite and
of the KH complex versus time (Figure 39). As hydrazine was adsorbed by
kaolinite, the intensity of the non-intercalated dOOl reflection at

12.36° 20 (0.716 nm spacing) decreased, and a corresponding increase in

intensity was observed for the "new" KH d reflection at 8.60° 20 (1.03

001
nm spacing). Assuming that the ratio of the KH reflection against the
kaolinite d001 reflection is directly proportional to the fraction of

kaolinite intercalated, these data (Figure 39) indicated that after two
hours of exposure to hydrazine more than 90 percent of the kaolinite was
intercalated by hydrazine. The sharp decrease in intensity of the non-
intercalated dOOl reflection (Figure 39), however, may indicate that the
intercalation process reached completion after only 30 minutes. X-ray
diffraction (XRD) patterns showing the dOOl reflections of kaolinite znd
of the kaolinite-hydrazine (KH) intercalate are presented in Figure 4C.
Upon expansion of the kaolinite lattice by hydrazine, the interlamellar
spacing increased from 0.716 nm to 1.030 nm, an increase of 0.314 nm.
This increase indicated that one molecular layer of hydrazine was
adsorbed between each structural 1:1 layer of the clay lattice. By com-

parison to the other d reflections, the well-defined, relatively sharp

8.60° 20 reflection igoihe XRD pattern of the KH complex obtained at !
atmosphere of pressure (labeled "K:H air" in Figure 40), indicated that
the KH complex was fairly well ordered under these conditions and that
very 1little nonintercalated kaolinite remained after intercalation.
These XRD results are in good agreement with those of Ledoux and White

(Reference 26) who reported a d spacing of 1.040 nm for the KH complex

001
at 25° C and 1 atm. Space filled drawings of the expanded kaolinite

crystal structure (d 1.030 nm) and of hydrazine (Figure 41) illus-

trate the approximaéznémount of space available for the intercalate in
the interlamellar region and the corresponding dimensions of the hydra-
zine molecule.

Raman spectra in the 3600 to 3725 cm-1 region of kaolinite (top),

and of a KH complex at 760 torr (bottom), are shown in Figure 42. The
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Figure 39.
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Intensity of the XRD d[0Cl] Reflections Versus Time of

Kaolinite (C.716 nm) and of the Kaolinite-Hydrazine Complex

(1.039).
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Figure 41.

[010] Projection of the Expanded Kaolinite Structure after
Expansion of Lattic by Hydrazine to a 1.03 nm 400l Spacing.
A Hydrazine Molecule Drawn to the Same Scale Using van der
Waals Radii is Shown on the Right.
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Figure 42. Raman Spectra in the 360C to 3735 cm : Region of KH Complex
at 760 Torr (bottom), and z-of a Dry Nonintercalated Mesa
Alta Kaolinite Sample (top).
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3620 cm-1 band was not perturbed upon intercalation under these condi-
tions. 1In contrast, the intensities of the hvdroxyl stretching bands at
3652, 3668, and 3694 c:m—l bands of kaolinite (Figure 43a) were reduced in
intensity upon intercalation (Figure 43b-c), and the 3620 cm-1 band was
rot affected. These results are in agreement with a previous IR study of
the KH complex (Reference 26).

The molecular structure of kaolinite projected along the [100] face
(looking along the x—axis with the z-axis pointing up) is shown in Figure
32. The ball-and-stick drawing shown on the left illustrates the two
distinct types of hydroxyl groups that reside within the crystal
structure of kaolinite: the inner hydroxyl '"sandwiched" between the
Al-octahedral and Sitetrahedral layers of the clay lattice, and the
inner-surface hydroxyl groups 1located on the basal plane of the
Al-octahedral layer. Numerous infrared studies of kaolinite (References
10, 18-24) are in agreement that the 3620 cm-1 band is assigned to the
inner hydrowvl group (rijure 32), arnd that this hydroxyl group-has o
considerably greater resistance to isotopic exchange with deuterium ard
tc dehydroxylation at elevated temperatures in comparison to the labiie
inner-surface hydroxyl bands at 3652, 3669, and 3690-5 cm_l.

FT-IR spectra of the KH complex in the 3550 to 3750 c:m--l region are
shown in Figure 44 at 1 atm of pressure and at several reduced pressure
values. As the KH complex is exposed to a reduced pressure, a new,
higher-frequency band appeared at 3628 cm-l and increased in intensity at
the expense of the 3620 cm_1 band. 1Insofar as these authors are aware, a
similar shift in frequency of the inner-hydroxyl stretching band induced
by a guest intercalate has not been reported previously in the litera-
ture. There is little doubt because of the strong intensity borrowing
between the two bands. The presence of two discrete inner-hydroxyl
stretching bands suggests strongly that a different structural conforma-
tion of the intercalation complex was induced upon decreasing the pres-
sure. A similar result was not observed in the Raman spectra of the KH
complex because the sample was studied at 1 atm of pressure.

To confirm this hypothesis, XRD patterns of the evacuated complex
were obtained at reduced pressure values (Figure 45). The d reflec-

001
tion of the KH intercalation complex was observed to Iincrease from its
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values of 8.60°20 at 1 atm to 9.2°2%, which corresponded to a decrease in
the interlamellar spacing from 1.030 nm (760 torr) to 0.960 nm {(0.00001
torr). Thus, the interlamellar spacing of the intercalation complex
decreased by 0.07 nm upon evacuation, which decreased the available space
for the guest species from 0.314 nm to .244 nm, This observed decrease
in the interlamellar spacing of the KH complex provided conclusive evi-
dence that a structural change of the KH complex did occur upon
evacuation. This change was also reflected by the novel blue-shift of
the inner-hydroxyl stretching band from 3620 to 3628 cm—1 which indicated
that the -NH2 moiety of the guest hydrazine species was brought inte
close contact with the inner-hydroxyl group after evacuation.

As the [100] ball and stick projection of kaolinite illustrates
(Figure 32), the inner-hydroxyl group resides between the silica tetra-
hedral and aluminum octahedral lavers and is not accessible by most
intercalated species Iin the interlammellar region. The fact that hvdra-
zine perturbed the stretching frequencv of the inner hvdroxyl group sug-

gested strongly that the -NH_, moiety keyed into the kaolinite surface

resulting in a slight electr;;tatic repulsion between the —NH2 and -0OH
groups responsible for the 8 c:m-"1 blue shift. Considering the molecular
structure of kaolinite, the inner-hydroxyl group can only be approached
by a guest molecule small enough to penetrate through the siloxane ditri-
gonal cavity. A space-filled [001] projection of the kaolinite structure
showing the siloxane ditrigonal cavity and the molecular structure of
hydrazine drawn to the same scale (Figure 46) illustrates qualitatively
that the -NH, moiety is small enough to "fit" into the cavity.

J. CONCLUSION

In conclusion, the Raman and FT-IR spectra of the KH complex in the
hydroxyl stretching region are in agreement in that both methods show a
strong reduction in intensity of the inner-surface hydroxyl groups upon
intercalation resulting from the formation of hydrogen bonds between the
inner-surface hydroxyl groups of kaolinite and the interamellar hydrazine
species. XRD patterns of the KH complex indicated that the interlamellar

region increased in size by 0.314 nm at 1 atm of pressure to accommodate
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the guest intercalate. As the pressure was reduced, however, this value
decreased to 0.244 nm and the FT-IR spectra of the reduced pressure KH
complexes showed clearly the presence of a new, higher frequency inner-
hydroxyl stretching band at 3628 cm-l. These results indicated that a
structural change of the KH complex occurred at a reduced pressure, and
that the —NH2 moiety of hydrazine was brought into close contzct with the
innerhydroxyl group through the siloxane ditrigonal cavity. 1In addition,
it was shown that the Raman-and IR-active hydroxyl stretching modes of

kaolinite were sensitive probes of the interaction between hydrazine

molecules and the kaolinite surface.
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SECTION IV

THE SOIL MICROBIOLOGY OF HYDRAZINE AND MONOMETHYLHYDRAZINE

A. INTRODUCTION

Hydrazine, MMH and UDMH are toxic to many forms of bacteria. The

activities of the autotrophic nitrifiers Nitrosomonas and Nitrobacter,

dentrifying bacteria, and anaerobic methanogens were inhibited by these
chemicals (Reference 27). In addition, the three chemicals prolcnged the
lag phase of growth as well as inhibited growth of the soil bacterium

Enterobacter cloacae (References 28-30). Kane and Williamson (Reference

27) reported that among the three hydrazines, MMH was the most toxic to
bacteria.

Despite hydrazine toxicity to bacteria, Kane and Williamson
(Reference 27) demonstrated that hydrazine in small quantities was
cometabolically degraded to nitrogen gas by Nirobacter. An enzyme system
of nitrogen-fixing heterotrophic bacteria was able to convert hydrazine
to ammonia (Reference 31). However, it was not clear that the bacteria
could utilize hydrazine as a sole source of nitrogen for growth.

Hydrazine when present in natural waters (river, lake and pond) in
small quantities, was not stable (Reference 4).

Information concerning the degradation of hydrazine and MMH and the
effect of the chemicals on microbial activity in soils is not available.
Accidental spills to soil can occur during transportation and storage.
Therefore, this study was initiated to determine degradation rates of
hydrazine and MMH in soil and their effect on soil microbial activity.
In addition, we isolated bacteria capable of degrading hydrazine and MMH
from soil, and used the isolates to enhance degradation in soil and water

samples contaminated with hydrazine or MMH.
B. MATERIALS AND METHODS
Hydrazine sulfate, hydrazine monohydrate and MMH were purchased from

Aldrich Chemical Company (Milwaukee, WI). Hydrazine sulfate was used in

all experiments unless otherwise specified. Uniformly 1labeled
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15 .
N-hvdrazine sulfate was obtained from Icon (Summit, NJ), with the

chemical consisting of 98 atom percent of 15N.

Arredondo fine sand (Grossarenic Paleudult) was used for this study.
The soil, which had never been exposed to hydrazine and MMH, was air-
dried and sieved to pass a 2-mm sieve. The sample had a pH of 5.7, and
1.7 percent of organic carbon.

Two hundred grams of soil (oven-dry weight basis) were placed in 500
mL glass bottles or flasks, and 16 mL of distilled water were added.
Appropriate amounts of hydrazine sulfate were added to give hydrazine
concentrations of O, 2.5, 10, 25, 100, 125, 250, and 500 ug/g, or MMH
concentrations of 0, 10, 50, 100, and 500 ug/g. After mixing, the bot-
tles were weighed and incubated at 25°C. For determination of hydrazine
and MMH residues, as well as bacterial and fungal populations in the
soil, 10 grams of soil samples were removed. For determination of
nitrate and ammonia, 15 grams of samples were removed. Once a week the
weights of the soil samples were checked, and distilled water was added
to compensate any water loss.,

Hydrazine was determined by the colorimetric wmethod of Watt and
Chrisp (Reference 32). Plastic centrifuge tubes containing 10 grams soil
samples were deoxygenated by flushing with a stream of NZ’ and the sam-
ples were extracted three times with 20 mL of deoxygenated 0.1M NaCl.
0.1 to 1 mL aliquots were transferred to 10 mL of the color-developing
agent, p-dimethylaminobenzaldehyde, and the resulting mixtures were
diluted to 25 mL by adding 1 M HCl. Specific-ion electrodes were

+ and NO_ in the soil. After mixing with 0.1 g

4 3
of calcium sulfate, 15 grams soil samples were extracted with 45 mL of

employed to determine NH

distilled water. Twenty and 10 mL aliquots were used for determination of
NO; and NHZ, respectively.

MMH was determined by the colorimetric method of Reynolds and Thomas
(Reference 33). Briefly, 10 grams of soll were placed in plastic centri-
fuge tubes and extracted three times with 20 mL of cold and deoxgenated
0.1M HCl. 0.01 to 1.0 mL of the extracts were transferred to 4 mL of 107
trichloroacetic acid and adequate amounts of deionized water were added
to give a final volume of 5 mL. Four mL of each mixture were mixed with

5 mL of the color-reagent, p-dimethylaminobenzaldehyde. After 30

minutes, optical densities of the resultant mixtures were read at 485 nm,
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In addition, uniformly-labeled 14C-MMH, along with unlabeled MMH,

were also used for determination of disappearance and mineralization of
MMH in soil. 14C—MMH was purchased from Amersham Corporation (Arlington
Heights, IL) and had a specific activity of 6 uwCi/mmol and 987 radio-
purity. 1aCO¢ trapped in KOH and 14C—activity in the HCl extracts were
determined b§- scintillation counting. 14C—activity remaining in the
extracted soil was determined by combusting to 14C00 in a Packard Tri-~
Carb sample oxidizer as described previously by Ou et‘al. (Reference 34).
The evolved 14CO2 was trapped in a scintillation cocktail containing an
organic amine, and counted by scintillation counting. All soil samples
had been incubated at 25°C.

Dilution-plate count methods as described by Ou et al. (Reference
35) were used to determine bacterial and fungal populations in the soil
samples. Carbon dioxide which evolved from the samples in closed glass
bottles was trapped in KOH and determined by titration (Reference 36).
All experiments were duplicated, with the exception of the so0il
respiration experiment, which was done in triplicate.

Basal mineral medium consisted of (per liter of distilled water) 4.8
g of KZHPOA’ 1.2 g of KHZPOA’ 1 g of NH4N03, 0.25 g of MgSO4°7H20, 0.04 g
of CaClz, and 0.001 g of Fez(SO4)3. Glucose, 0.2 g/mL, and hydrazine
sulfate, 0.0l g/mL, were sterilized separately by autoclaving and filtra-
tion, respectively. For maintenance of bacterial cultures, 10 mL of the
glucose and 10 mL of the hydrazine were added to ! L of the basal mingral
medium. Tryptic soy agar and broth (Difico) were also used for purifica-
tion and maintenance of bacterial cultures.

One hundred grams of Arredondo fine sand (Grossarenic Paleudult)
were repeatedly treated with 100 ug/g of hydrazine. This soil had pre-
viously been shown to readily degrade hydrazine at 100 ug/g (Reference 3)
After four applications, 10 grams of the soil were transferred to a
culture tube containing 10 mL sterile distilled water. After the tube
was briefly shaken, 0.3 mL aliquots of the suspension were spread on
NH4N03-free basal mineral agar plates supplemented with glucose and
hydrazine. The plates were incubated at 25 C° for observation of the
development of bacterial and fungal colonies. Bacterial and fungal
colonies of diffefent appearance were further transferred to new plates.

The bacterial isolates were also transferred to tryptic soy agar plates
for purification.
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Growth of bacterial cultures was determined turbidimetrically at 550
nm with a Spectronic 20 spectrophotometer.

Eighteen-h old cultures were harvested by centrifugation at 20,000xg
for 15 min at 4°C, washed once with potassium phosphate buffer (KZHPO
4.8 g/L and KHZPO

4 1.2 g/L), and resuspended in the same buffer,. :

Frozen cells (3 g) were suspended in 6 mL of the potassium phosphate
buffer. The suspension was irradiated with ultrasonic waves for 9 min-
utes with an ultrasonic cell disruptor (Sonified W140, Heat Systems-
Ultrasonic), using a titanium probe at 20,000 Hz and 2 amperes. The
resulting suspension was centrifuged at 30,000xg for 30 minutes. The
clear supernatant was used as a source of crude cell extracts. Protein
concentration in cell extracts was determined by the method of Bradford
(Reference 37), using bovine serum albumin as the standard.

Hydrazine was colorimetrically determined using the method of Watc
and Chrisp (Reference 32), 0.01-0.2 mlL of supernatants from cell cul-
tures, cell suspensions, or cell extracts was transferred to 25 mlL of
volumetric flasks which had contained 10 mlL of color-developing agent,
p-dimethylaminobenzaldehyde, and sufficient 1 M HCl was added to make a
total volume of 25 mL. Optical densities of the samples were determined
at 458 nm using a Spectronic 20 spectrophotometer.

Ammonia concentrations in cell suspensions were determined by a
specific ammonia electrode as described previously by Ou and Street
(Reference 3).

Nitrate concentrations in cell suspensions were determined by a
nitrate-specific electrode. Nitrate concentrations in cell suspensions
were determined colorimetrically at 520 nm, using the method of Barnes
and Folkard (Reference 38).
15N2 gas, which was produced in cell suspensions treated with 15N—
hydrazine sulfate, was determined by mass spectometry. 6 ml aliquots of
cell suspension were placed in 20 mL glass serum bottles which contained
0.6 or 0.9 mg of 15N-—hydrazine. 0.2 mL of air in the headspace was with-
drawn for mass spectral analysis.

A strain of Achromobacter sp. and a strain of Pseudomonas sp., which

had the capacity to degrade hydrazine in the presence of a second nitro-

gen source such as ammonium nitrate, were wused for studing the
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enhancement of hydrazine and MMH degradation in contaminated soil and
water. Both bacteria were isolated from Arredondo £fine sand. The
bacteria were maintained, as described by Ou (Refernce 39) in a basal
nmineral medium containing 10 ug/g of MMH or 100 ug/g of hydrazire.

MMH in culture fluids and cell suspensions was determined by the

colorimetric method of Reynolds and Thomas (Reference 33). In addition,
14C-MMH was used for determination of MMH disappearance and formation of
metabolites. 14C—activity in culture fluids was determined by scintilla-
tion counting. 14C—metabolites were determined by organic-solvent
extraction, thin-laver chromatography (TLC)-autoradiography, and scin-
tillation counting (Refernce 34). 14C-activity in culture f£fluids was
determined by extracting with an equal volume of chloroform and ethyl
ether. The organic extracts, after removing moisture with anhydrous
sodium sulfate, were concentrated to 1.5-2.0 mL in a stream of N2 gas.
Aliquots (10 te 20 ul) of the extracts were spotted on commercial silice
gel G plates. The TLC developing-solvent system was hexane-chlorcicrm~
methanol (7:2:1, v/v). Radioactive areas on each plates were detected bv
placing Kodak SB-5 X-ray films on the plates. The radiocactive areas on
the plates were scraped, transferred to scintillation wvials, and
quantified by scintillation counting.
5 which iyolved from growing cultures in glass Erlenmeyer
flasks containing C-MMH, was trapped in small stainless steel vials
containing | gram of KOH pellets. The vials were hung under the rubber
stoppers in the flasks using stainless steel wire. The flasks were then
tightly closed with the stoppers. After removing the KOH from the flasks
it was diluted with water to 4 mL, and 14C—activity in the KOH solutions
was determined by scintillation counting.

Growth of bacterial cultures was determined turbidimetrically at 550
nm with a Spectron 20 spectrophotometer.

Sixteen- to 20-hour-old cultures were harvested by centrifugation in
the cold, washed once with cold phosphate buffer (pH 7.2), and resus-
pended in the same buffer.

All bacterial cultures and suspensions were incubated at 25°C. All
experiments were carried out in duplicate.

Two river water samples, two lake water samples, tap water, and dis-

tilled water were used in this study. Selected properties of the waters
samples are shown in Table 15.
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TABLE 15. SELECTED PROPERTIES OF THE SIX WATERS USED IX
THIS STUDY.

Water Cu Fe Bacteria Fungi pHE  Suspended

(ug/mL) (ug/mL) (cfu/g&) (cfu/mL) solid

X10 (mg/mL)
Santa Fe River 0.04 0.04 206 4 7.7 3
Prairie Creek 0.0l 0.24 1 3 6.6 3
Lake Alice 0.20 0 25 22 7.4 3
Newmans Lake 0 0.28 9 9 7.7 3
Tap water 0 0 0 0 8.5 3
Dist. Water 0 0 0 0 6.4 0

Achromobacter sp. was maintained in a basal mineral medium contain-

ing hydrazine sulfate and glucose as described by Ou (Reference 39). 30
mL of 18 hour-old bacterial culture was centrifuged at 20,000xg for 20
minutes. The cell pellets were suspended in 5 mL of water. After adding
an appropriate amount of sterile aqueous hydrazine (0.04 - 0.2 mlL), the
samples were incubated at 25°C for 2 hours.

The aqueonus hydrazine (250 or 2500 ug/mL) was sterilized by filtra-
tion through a 0.22 um filter, and then stored in the dark at 4°C. Under
this condition, the hydrazine solution was stable for more than a month.
In addition, autoclaved bacterial cells were tested for their capacity to
degrade hydrazine in autoclaved and filtered water samples. Hydrazine
sulfate was used for all experiments, unless otherwise specified.

-~ Water samples (5 mL) were buffered with phosphates (0.024 g of
KZHPO4 and 0.024 g of KHZPOA)' Eighteen hour-old bacterial cells were
suspended in the buffered waters. After hydrazine had been added, the
samples were incubated at 25°C for 2 hours, after which the cell suspen-
sions were centrifuged at 20,000xg for 20 minutes. 0.0l to 0.1 mL of the
supernatant solutions was used for determination of hydrazine concentra-

tion using the colorimetric method described earlier (Reference 32).
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One mL of the 18 hour-old cell suspension of Achromobacter sp. (12%]

mg/mL) was also added to 10 grams of air-dry Arredondo soil in a plastic
centrifuge tube, and an appropriate amount of sterile hydrazine was imme-
diately added to give hydrazine concentrations of 25, 50, or 100 ug/g of
soil. An identical experiment was set up for autoclaved soil. In addi-
tion, the bacterial cells (2.220.2 mg/mlL) were suspended in 5 mL of
either distilled water or buffered distilled water in plastic centrifuge
tubes which contained 0.5 g of autoclaved or nonautoclaved Arredondo
soil. Appropriate amounts of sterile hydrazine (25 and 50 pg/mL) were
added to each suspension. All samples were incubated at 25°C for one
hour. After incubation, the soil suspensions were immediately centri-
fuged in the cold (4°C) at 20,000xg for 15 minutes. Corresponding soil
samples were immediatelv suspended in 30 mL of cold 0.1 M XaCl, and
centrifuged in the cold. Hydrazine in each supernatant was determined

colorimetrically as described earlier.

C. RESULTS AND DISCUSSION

l. Hydrazine

a. Degradation in Soil

At low concentrations, hydrazine disappeared rapidly from
Arredondo soil. For example, at 10 yg/g, hydrazine disappeared com-
pletely in 1.5 hours. Autooxidation appeared to be the principal factor
contributing to the disappearance of the chemical from soil, as less than
3 percent of the applied hydrazine was recovered from sterile soil. Even
at 100 ug/g hydrazine disappeared completely in 1 day and, at 500 ug/g,
the chemical disappeared completely in 8 days (Table 16). Biological
degradation was a relatively minor factor, although hydrazine consis-
tently disappeared from sterile soil at somewhat slower rates. By com-
paring the hydrazine loss from sterile and nonsterile soils, it appeared
that biological degradation was responsible for about 20 percent of the
disappearance.

Since hydrazine is partly degraded biologically in this

soil, it is of interest to determine if hydrazine is metabolized to
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TABLE 16, HYDRAZINE IN STERILE AND NONSTERILE ARREDONDON SOIL.

Days Hydrazine (percent remaining)
100 ug/g 500 wg/g
Sterile Nonsterile Sterile Nonsterile

0.05 83%11 62+3 97+3 93+2

1 8+0 0 7121 622

2 0 0 5240 39+3

3 0 0 39%2 25%4

6 0 0 131 3%l

8 0 0 8*1 0

ammonia, which can serve as a nitrogen source for growth. However, we

found no evidence of hydrazine being converted to ammonia. The levels or

W . . . . . .

NH, in Arredondo soil, both with and without treatment with hydrazine at
4

100 ug/g, were essentially the same following 7 days of incubation.
b. Microbial Degradation

Fungal colonies were found to develop in the NH4N03-free

basal mineral agar plates supplemented with glucose and hydrazine., How-
ever, they either did not grow or grew poorly in liquid basal mineral
medium supplemented with hydrazine and glucose with or without NHANO,.
The fungi were found to have little capacity to degrade hydrazine.
Hence, they were not used for further investigation. Bacterial colonies
of small size developed a few days after fungal colonies appeared. The
bacteria all failed to grow in liquid NH,NO_-free basal mineral medium

473
supplemented with glucose and hydrazine. However, some of the bacteria

grew when supplemented with NHANO3. An Achromobacter sp., a Bacillus
sp., and a Pseudomonas sp. were found to have capacity to degrade hydra-
zine. Both Bacillus sp. and Pseudomonas sp., when grown in glucose-
amended basal mineral medium containing hydrazine, had a lag growth
period of 3 to 5 days. The cell suspensions of the two bacteria could
only degrade hydrazine at concentrations of 25 ugml and lower. The

Achromobacter sp. not only had a short 1lag growth period but also
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degraded hydrazine at concentrations greater than 100 ug/ml. Therefore,
this bacterium was chosen for further study.

The Achromobacter sp. in glucose-amended basal mineral

medium containing 25 and 51 ug/ml hydrazine exhibited 4 and 8 hours of
lag growth period, respectively (Figure 47). The bacterial culture at
both hydrazine concentrations reached maximal growth bv 48 hours. Unlike
the Tbacterial growth, hydrazine was degraded without a lag period.
Degradation had levelled off before cell growth reached maximized.

Hydrazine at 51 ug/ mL in the glucose-amended basal mineral
medium in the absence of the bacterial culture was much more stable than
in the presence of the culture (Figure 47). After 48 hours of incubation
97 percent of hydrazine remained in the culture-free medium, whereas only
4 percent of the chemical remained in the culture medium during the same
incubation period. 1In addition, hydrazine at 25 ug/mL was also stable in
the culture-free glucose-amended basal mineral medium. Hydrazine was
also found to be stable in the basal mineral medium, in a glucose solu-
tion (0.2 g/mL), and in distilled water.

Hydrazine, at various concentrations ranging from 25 to
162 ug/ml, was used for testing the degradative capacity of cell suspen-

sions of the Achromobacter sp. which had been grown in hydrazine and

glucose-amended basal mineral medium. Table 17 shows that hydrazine at
initial concentrations of 25, 50,and 90 ug/ mL was degraded to near com-
pletion within 2 hours, and at 120 and 162 pg/mL more than 50 percent of
the chemical was degraded. Hydrazine in heated and autoclaved suspen-
sions was stable and, in fact, no hydrazine in the autoclaved suspension
was degraded during 2 hours of incubation.

Nitrate, nitrite and ammonia were not formed in cell sus-
pensions treated with hydrazine. 15N2 gas was detected in air samples
from the headspace of serum bottles containing the bacterial cell suspen-
sion and 15N-hydrazine. 15N-hydrazine was not detected in the air sam-
ples.

The cell suspension of the Achromobacter sp. which had

been grown in the basal mineral medium without hydrazine also had a capa-
city to degrade hydrazine (Table 18). The bacterium grown in the basal

mineral medium with KNO. or (NH4)2804 as a sole source of nitrogen also

3
degraded hydrazine. Furthermore, bacterial cells grown in rich complex
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Absorbance at 550 nm

Figure 47.
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Hydrazine degradation and growth of the Achromobacter sp.
Legend: O and A\, absorbance of culture fluids with
initial hydrazine concentrations of 25 and 51 ug/ mL,
respectively; @ and 4, hydrazine concentrations in
culture fluid; and [J], hydrazine concentrations in the
culture-free glucose-amended medium.
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medium such as tryptic soy broth also had a capacity to degrade hydra-
zine.

The Achromobacter sp. also degraded the nonsalt form of

hydrazine. It was found that only 6 percent of applied hydrazine monohy-
drate (25 ug/mL) remained in the cell suspension after 2 hours of incuba-
tion. Autoclaved cells lost their capacity to degrade hydrazine monohy-
drate.

Crude cell extracts of the Achromobacter sp. also had a

capacity to degrade hydrazine. The specific activity of the extracts

toward the reduction of hdyrazine was estimated to be 0.30 umol/n/mg

TABLE 17. HYDRAZINE IN CELL SUSPENSICNS OF THE ACHROMOBACTER SP.
GROWN IN BASAL MINERAL MEDIUM CONTAING HYDRAZINE®

Cell suspension Initial N H4 Percent Reduction
(ug/mL% after 2 hours
Liveb 25 96
Liveb 50 95
Liveb 50 94
Live® 104 84
. b
Live 120 56
Live® 162 52
c
Heated 50 4
Autoclavedd 50 0

2 Ccell suspensions were incubated at 25°C for 2 hours,

b Dry cell weight of the suspension was 3.8 mg/mL.

€ cell suspension was heated in a waterbath at 90°C for 10 minutes.

d Cell suspension was autoclaved at 121°C for 15 minutes.
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TABLE 18. DEGRADATION OF HYDRAZINE IN CELL SUSPENSIONS OF THE
ACHROMOBACTER SP. GROWN IN MEDIA WITHOUT HYDRAZINE®

Cell suspension Initial N H4
(ug/ng

Percent Reduction
after 2 hours

Grown in glucose - amended
basal mineral medium 42

Grown in glucose -~ amended
basal in mineral medium 83

Grown in glucose - amended
basal mineral medium® 27

Grown in glucose- amended
basal mineral medium 27

Grown in tryptic
soy broth 50

Grown in trygtic
soy broth 125

94

86

93

Cell suspensions were incubated at 25°C for

Cell dry weight 3.7 mg/mL. Nitrogen source
medium was NH, NO,_.
4773

Cell dry weight 3.6 mg/mL. Nitrogen source
was KNO,.

3
Cell dry weight 3.8 mg/mL. Nitrogen source
was (NH4)2504'

Cell dry weight 4.0 mg/mL.
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protein. Heated extracts 1lost their capacity to degrade hydrazine.
Hydrazine in phosphate tuffer was not degraded.
These results suggest that the enzyme system for the meta-

bolism of hydrazine by the Achromobacter sp. is constitutive. This is

evidenced by the fact that hydrazine is rapidly degraded without a lag.
The failure of autoclaved and heated cells, and of heated cell extracts,
to degrade the chemical indicates that degradation during short incuba-
tion is principally microbial. For long incubations, autooxidation may
play a role as well (Reference 40). Under the systems used in this
study, the role of autooxidation is negligible.

Similar to the growth response of the soil bacterium

Enterobacter cloacae to hydrazine (Reference 28, 30), an increase in

hydrazine concentration caused an extension of the lag growth period for

Achromobacter sp. However, lag growth periods were short. This 1is

because more than 50 percent of the hydrazine has already bLeen degradec
at the onset of exponential growth. OCbviously the enzymes responsitble
for degradation of the chemical are not poisoned or deactivated by the
chemical.,

Inability of the Achromobacter sp. to grow on hydrazine as

a sole source of nitrogen indicates that the metabolic process for hydra-

zine is cometabolic. The Achromobacter sp. utilizes nitrate or ammonia

as a sole source of nitrogen for growth, and these cells degrade hydra-
zine. Thus, it is likely that some common enzymes responsible for meta-
bolism of nitrate and ammonia also have a capacity to degrade hydrazine.

Oxidation of hydrazine to nitrogen gas by Nitrosomonas sp. has also been

suggested to be a cometabolic process (Reference 27).
It is understandable that nitrate, nitrite and ammonia
were not the degradation products of hydrazinme. If those products had

been formed Achromobacter sp. should be able to utilize hydrazine for

growth., Likewise, it is also unlikely that hydroxylamine is a degrada-
tion product. Hydroxylamine is toxic and unstable (References 41, 42),
and is suspected to be an intermediate of nitrate metabolism.

The observation that some common heterotrophic soil bacte-

ria, such as Achromobacter sp., Bacillus sp. and Pseudomonas sp., as well

as autotrophic nitrifiers reported by Kane and Williamson (Reference 27),

can degrade hydrazine suggests that microbial degradation, in addition to
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autooxidation, may play a role in removing this chemical from the

environment. In light of the rapid degradation by Achromobacter sp.,

which was observed at concentrations beyond 100 ug/mL, the bacterium may
have potential for use in the detoxication of hydrazine from contaminated

soils and waters, and from wastes.
C. Enhancement of Degradation
Hydrazine was not degraded in any of the six waters during

2 hours of incubation. Hydrazine was not stable, however, in these

waters when suspended with 18 hour-old cells of Achromobacter sp. The

degree of stabilityv in the cell suspensions depended upon hydrazine con-
centration and type of water. Tatle 19 shows percent reduction of hydra-

zine in six waters suspended with the Achromobacter sp. after 2 hours of

-r

incubation. The initial hydrazine concentrations ranged from [l to 75
ug/mL. Bacterial cells suspended in Santa Fe River water were the most
active in degrading hydrazine. Bacterial cells suspended in Lake alice
water also had a high capacity to degrade the chemical. It appeared that

the Achromobacter sp. in Santa Fe River water and Lake Alice water

declined in their capacity to decrade hydrazine at 50 ug/mL. The same
bacterium in other waters started to decline in degradation capacity at
25 ug/mL. No degradation was observed in the six waters when suspended
with autoclaved bacterial cells during two hours of incubation. Similar
degradation capacity was observed whether the bacterial cells were sus-
pended in autoclaved or filtered water samples.

When the water samples were buffered with phosphates, the

degradation capacity of the Achromobacter sp. in Santa Fe River water,

lLake Alice water, tap water, and distilled water was enhanced (Table 20).
Even in distilled water 57 and 53 percent of the hydrazine was degraded
when initial hydrazine concentrations were 75 and 100 ug/mL, respec-
tively. pH values for the buffered waters were at least 3.6 units higher
than for unbuffered waters, with the exception of the Santa Fe River
water. This water appeared to have a high buffer capacity against hydra-
zine sulfate (Table 21). The critical pH value was approximately 3.5.
Below this range the capacity for the organism to degrade hydrazine

decreased drastically.
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TABLE 19. HYDRAZINE DEGRADATION IN WATERS SUSPENDED WITH A SOIL
BACTERIUM ACHROMOBACTER SP.?

Water Initial N2H4 Percent Initial N H Percent
(ug/mL) Reduction (ng/mL) Reduction
after 2 hours after 2 hours

Santa Fe River 11 90 25 92

50 26 75 51
Lake Alice 11 91 25 96

50 78 75 46
Newmans Lake 11 90 25 72

50 30
Prairie Creek 11 90 25 76

50 28
Tap Water 11 91 25 80

50 52 75 9
Distilled water 11 90 25 32

50 22 75 5

®Bacterial cells were added at 2.2 + 0.2 mg/mL.

Table 22 shows the stability of hydrazine in autoclaved
and nonautoclaved waters. Among the six unsterile waters, hydrazine in
Santa Fe River water was the most unstable. Hydrazine in this water dis-
appeared completely in 14 days. Even in autoclaved water, 66 percent of
the hydrazine was degraded in 14 days. On the other hand, hydrazine in
Newmans Lake water and in Prairie Creek water was very stable, even more
so than in distilled water. No degradation occurred in the two waters
during 14 days of incubation. By comparing the degradation results in
sterile and nonsterile waters, it appeared that biological degradation
was more important initially for the Santa Fe River water, whereas auto-
oxidation was more important initially for the Lake Alice water. It was
not clear why Newmans Lake water and Prairie Creek water did not degrade
hydrazine, and why hydrazine in these waters was more stable than in dis-
tilled water. Bacterial and fungal populations in these two waters were
very low (see Table 15). No bacteria or fungi were detected in the dis-

tilled water sample.
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TABLE 20. HYDRAZINE DEGRADATION IN BUFFERED WATERS SUSPENDED WITH
CELLS OF AN ACHROMOBACTER SP.?

Water Initial N H Percent Initial N2H4 Percent
(ug/mL) Reduction (ug/mL) Reduction
after 2 hours after 2 hours
Santa Fe River 75 63 100 49
Lake Alice 75 63 100 52
Tap water 75 65 100 53
Distilled water 75 57 100 53

@Bacterial cells were added at 2.2:0.2 mg/mL.

TABLE 21. pH VALUES OF WATER AMENDED WITH VARIOUS CONCENTRATIONS
OF HYDRAZINE

Water pH

Hvdrazine concentration (ug/ml)

25 S0 75 50 75

~————7nbuffered Buffered
Santa Fe River 6.8 6.4 5.9 6.7 6.7
Prairie Creek 3.4 3.2 3.0 6.7 6.7
Lake Alice 6.4 5.5 3.4 6.7 6.7
Newmans Lake 3.5 3.2 3.0 6.7 6.7
Tap water 5.8 3.5 3.1 6.7 6.7
Distilled water 3.3 3.1 2.9 6.7 6.7
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TABLE 22. HYDRAZINE DEGRADATION IN NONSTERILE AND STERILE WATER.Z?

Time Percent Reduction
(days)
Santa Fe Lake Alice Newmans Prairie Tap Dist.
River Lake Creek water water
1 28°(5)¢ 0(8) 0(0) 0(0) 2(0)  0(0)
2 40(9) 9(9) 0(0) 0(0) 2(0) 0(0)
S 85(33) 42(34) 0(0) 0(0) 12(0) 0(0)
7 96(45) 56(48) 0(0) 0(0) 19(2) 2(0)
14 100(66) 86(71) 0(0) 0(0) 28(8) 2(0)

a s . .
Initial hydrazine concentration was 25 ug/mL
Unsterile water

c ,
Sterile water

Although cupric ions have a capacity to catalyze the auto-
oxidation of hydrazine in waters (Reference 40), no relationship between
copper content and rate of hydrazine degradation was found for the waters
used in this study. Likewise, ferric ions may also catalize oxidation of
the chemical in waters. Again no correlation was found. However, the
levels of copper and iron in the waters were either very low or
negligible (Table 15). At these low levels cupric ions or ferric ioms
may not exert any catalytic effect on hydrazine oxidation. Since all
samples were incubated under the same conditions, it would be expected
that dissolved oxygen levels in the waters would be about the same. In
addition, no correlation was found between dissolved oxygen content and
hydrazine degradation in the waters (Reference 4)., Our results indicate
that microbial activity and buffer capacity of the waters play a key role
in the degradation of hydrazine sulfate. In light of the rapid hydrazine
degradation and high bacterial populations of the Santa Fe River water, a
large number of specific degraders may be present in this water. 1In
addition, the high buffer capacity of this water may reduce hydrazine

toxicity toward bacteria.
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The Achromobacter sp. in the waters of Santa Fe River and

Lake Alice, as well as in tap water and distilled water, also had a high
capacity to degrade nonsalt forms of hydrazine (the monohydrate in this
case) (Table 23). 1In fact, the bacterium in these waters degraded the
nonsalt form better than the salt form. The average pH values of the
four waters supplied with hydrazine monohydrate at 17, 34, and 68 ug/mL
were 8.42 + 0.24, 8.58 *+ 0.20, and 8.73 ¢+ 0,17, respectively. At concen-
trations of 17 and 34 ug/mL, hydrazine monohydrate exerted no adverse

effect on degradative activity of the Achromobacter sp. At these concen-

trations 92 to 95 percent of the nonsalt form was degraded. At a concen-
tration of 68 ug/mL, somewhat less degradation activity was observed for
all four waters. No degradation was observed, however, in the waters
without adding the bacterium during 2 hours of incubation. Also, no

degradation was observed after adding autoclaved cells of Achromobacter

sp. to the waters.

The Achromobacter sp. enhanced hydrazine degradation ir

all water samples but did not do so in Arredondo soil during one hour of
incubation. Degradation of hydrazine in soil treated and untreated with

Achromobacter sp. was not significantly different (*! percent level) at

hydrazine concentration of 100 ug/g to 500 ug/g. However, addition of
the bacterium to soil suspensions (10 percent soil) did enhance hyvdrazine
degradation (Table 24)., The degree of degradation enhancement by the
bacterium in the soil suspensions was not as great, however, as for the
water samples,

Inability of the Achromobacter sp. to enhance hydrazine

degradation in soil may be in part due to hydrazine toxicity to the bac-
terium and in part due to a soil surface effect. The soil-water content
used in this study was 0.1 mL/g of soil. Since hydrazine is highly
water-soluble, at a concentration of 100 ug/g of soil the concentration
of hydrazine in the aqueous phase would be 1000 ug/mL (assuming no
adsorption to soil surfaces). At this concentration the activity of

Achromobacter sp. would be inhibited (Reference 39). Soil surfaces also

may hinder the activity of the organism. This could result in loss of
its enzyme activity, or in physical separation of the organism from the

target chemical. 1In short, Achromobacter sp. may have potential as an

agent for the detoxification of hydrazine in contaminated waters and

liquid wastes.
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TABLE 23. DEGRADATION OF HYDRAZINE MONOHYDRATE IN WATERS SUSPENDED
WITH CELLS OF ACHROMOBACTER SP.2

Water Initial N2H4 Percent Initial N2H4 Percent
(ug/mL) Reduction (ug/mL) Reduction
after 2 hours after 2 hours
Santa Fe River 17 94 34 94
Lake Alice 17 94 34 94
Tap water 17 95 34 93
Distilled water 17 94 34 92
Santa Fe River 68 51
Lake Alice 68 54
Tap water 68 54
Distilled water 68 49

#Bacterial cells were added at 2.2 * 0.2 mg/mL,
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TABLE 24. HYDRAZINE DEGRADATION IN SOIL SUSPENSIONS WITH AND WITHOUT
ADDED ACHROMOBACTER SP.2

Soil Initial Percent Initial Percent
Suspension N, H Reduction N, H Reduction
(vg/mL) after 2 hours (ug/mL) after 2 hours

Unbuffered
Unsterile + cel sb 25 56 50 45
Sterile + cells 25 57 50 45
Unsterile 25 45 50 320
Sterile 25 41 50 30
Buffered
Unsterile + cel sb 25 92 50 81
Sterile + cells 25 91 50 83
Unsterile 25 85 50 59
Sterile 25 85 50 64

20.5 g of Arredondo soil in 5 mL of unbufifered or buffered distilled
water.

bWeight of cells 2.2 * 0.2 mg/mL.
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TABLE 25. EFFECT OF HYDRAZINE ON SOIL RESPIRATION IN ARREDONDO SOIL
TREATED WITH HYDRAZINE AT O, 2.5, 25 AND 125 ug/g.

Days Rate of CO2 Production (mg COZ—C/IOOg soil/day)
Hydrazine (ug/g)
0 2.5 25 125
1 2.7920.11 2.41*0.,07 1.99+0.10 1.64£0.26
3 1.55+0.02 1.66+0.05 1.76+0.04 1.68+£0,04
7 0.70+0.04 0.82+0.08 0.80%0.03 0.86%0.09
11 0.72+0.11 0.75+0.11 0.65+0.06 0.73+0.10
14 0.54+0.04 0.50+0.02 0.49+0.05 0.69+0.09
18 0.51%0.10 0.4120.02 0.41+0.06 0.61+0.10
21 0.500.10 0.41%0.01 0.44+0.06 0.52+0.03
Total® 16.73 . 16.38 15.74 17.43
LSDO.05 = 1.93
8Total cumulative C02—C(mg) production in 21 days.
bLSDO'05 least-significant difference at the 57 level.
d. Effect on Soil Microbial Activity

Soil respiration (total CO evolution) in hydrazine-

treated soils was initially inhibited, with ihe degree of initial inhibi-
tion progressively increasing as hydrazine concentration increased
(Tables 25 and 26). However, the inhibition was temporary. In fact, not
only had all samples recovered from the inhibition within 2 days, but CO2
production was actually enhanced. CO2 production then levelled off after
6 or 7 days. Total cumulative 002 production in all treatments was not

significantly different (p = 0.05) after 2l days.
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TABLE 26, EFFECT OF HYDRAZINT OY SOIL RESPIRATION IN ARREDCONDO SOIL
TREATED WITH HYDRAZINE AT 0, 250 AND 500 ug/g.

Days Rate of CO2 Production (mg COZ-C/lOOg soil/day)
Hydrazine (ug/g)
0 250 500
1 2.52+0.04 1.43%0.15 1.27+0.08
2 1.77+0.03 1.9720.13 1.5720.06
3 1.31+0.02 1.47+0.13 2.14%0.,06
6 0.85x0.06 0.89%0.05 1.090.02
10 0.58+0.05 0.62+0.06 0.61+0.02
14 0.50+0.01 0.5620.04 0.52%0.01
17 0.53£0.05 0.57+0.04 0.55+0.06
21 0.4320.02 0.52%0.10 0.47+0.06
Total® 15.78 16.05 16.30

b
LSDO.OS = 1,64

8Total cumulative COZ-C(mg) production in 21 days.
bLSDO.05 least-significant difference at the 0.05 percent level.

Similar to CO2 production, bacterial populat%ons in hvdra-
zine-treated soils were also reduced initially (Table 27), although fun-
gal populations were not affected. The reduction of bacterial popula-
tions appeared to be the principal cause of the inhibition in CO2 evolu~-
tion. For the 100 yg/g treatment, bacterial populations quickly
recovered. This reflected the fact that, at this concentration, hydra-
zine was completely degraded within 1 day (Table 16). In fact, bacterial
populations were enhanced in 7 days and remained larger than the control
treatment thereafter. In contrast, bacterial populations for the 500
ug/g treatment were at least 10 times smaller than for the control treat-
ment throughout the 28 days of incubation. After 7 days fungal popula-

tions for the 100 and 500 yg/g treatments were significantly larger than
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TABLE 27. EFFECT OF HYDRAZINE ON BACTERIAL AND FUNGAL POPULATIONS IN
ARREDONDO SOIL.

Concentration Days
of hydrazine 1 7 14 21 28
(vg/g)
Bacteria (cfu/ga X 10-6)

0 13.92 15.45 9.83 7.63 7.21
100 1.35 24.90 42.60 25.80 16.40
500 0.82 0.68 0.91 0.44 0.56

Fungi (cfu/ga X 10_4)

0 1.05 2.26 2.70 2.22 2,61
100 0.87 6.71 9.36 9.59 9.70
500 1.00 3.85 11.44 9.49 7.84

acfu/g colony forming units per gram of soil,

for the control treatment. Because of the magnitude of the reduction in
bacterial populations for the 500 ug/g treatment, not only nitrifying
bacteria, denitrifying bacteria, anaerobic bacteria (Reference 27), and

Enterobacter cloacae (Reference 29) would be killed, but many other

bacteria could be killed as well.

Hydrazine at concentrations of 10 and 100 ug/g did not
exert any adverse effect on nitrification after 49 days for the Arredondo
soil (Table 28). However, nitrification did not take place to a signifi-
cant extent in the 500 ug/g treatment. As mentioned above, bacterial
populations in this treatment were profoundly reduced, and nitrifying
bacteria most likely would be killed at this concentration. Our results
suggest that, at concentrations of 100 ug/g and lower, hydrazine exerts
no adverse effect or only a short, temporary effect on soil microbial

activity.




TABLE 28. EFFECT OF HYDRAZINE ON NITRIFICATICN IN ARREDONDO SOIL.

Hydrazine NH -2 NOL-N?
concentration (ug/g) (ug/g)
(ug/g)
0 79.6+0.9 60.6+0.8
10 69.3%11.1 60.9+2.0
100 82.7%0.5 53.8%0.5
500 123.1+3.0 12.6+0.2

%Results at 49 days
2. Monomethylhydrazine
a. Effect on Soil Microbial Activity

MMH at concentrations ranging from 10 to 500 ug/g did not
inhibit soil respiration in Arredondo soil. Unlike hydrazine, which ini-

tially inhibited total CO, production by soil, total CO, evolution was

2 2
actually enhanced initially by the treatment with MMH (Tables 29 and 30).

In fact, initial total CO, production became progressively larger as MMH

2
concentration was increased. Total cumulative CO, production during 21

days for all of the MMH-treated samples was signiffcantly higher than for
the untreated samples.,

Total aerobic bacterial populations and total fungal popu-
lations were also not inhibited by 10 ug/g of MMH (Table 31) and, at LOC
ug/g and larger, total aerobic bacterial populations (Tables 31 and 32)
were actually significantly larger than for the control treatments
throughout the entire 21 days of incubation, with total bacterial popula-
tions becoming progressively larger as MMH concentration was increased.
At 100 ug/g, total fungal populations were either not affected or were
increased as well, though total fungal populations in soil treated with
200 and 500 ug/g of MMH were significantly but not severely reduced. The
effect of 500 ug/g of MMH was in contrast to that of hydrazine, which

severely reduced bacterial populations but enhanced fungal populations.
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TABLE 29. TOTal C6, PRODUCTION FROM ARREDONDO SOII. TREATED WITH
MMH AT O, 10, 50 AND 100 ug/g.

Days Rates of CO, Production (mg co, - C/100g soil/day)
MMH (ug/g)
0 10 50 100
0-1 4,61 £ 0.12 5.00 £ 0.15 5.24 = 0.18 5.56 * 0.15
1-2 3.66 £ 0.14 3.82 + 0.14 4,09 * C.18 4,17 £ 0,13
2-5 2,00 £ 0.06 2.13 * 0.03 2,41 * 0.34 2.40 £ 0.29
5-7 1.47 ¢+ 0.09 1.57 = 0.06 1.64 = 0.11 1.65 = 0.09

11-1i4 1.05 = 0.01 1.21 = 0.15 1.14 = 0.06 1.20 = 0.C4

14-18 G.88 + 0.0¢& 1.09 + 0.13 1.0l = 0.05 1.05 = 0,05

18-21 0.78 £ 0.04 0.92 £ 0.09 0.90 + 0,03 0.93 £ 0.04

Total (mg) 32.80 36.29 37.19 38.16
LSDO.05 = 2,32
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b. Degradation in Soil

MMH disappeared rapidly from both nonsterile and sterile
soils. MMH at 10 ug/g completely disappeared from nonsterile and sterile
soils in 30 minutes. Even at 100 and 500 ug/g, only 41.8 and 67.4 per-
cent of the applied MMH were detected in nonsterile soils (Table 33),
respectively, 30 minutes after application. After 48 hours, only small
amounts of MMH remained in either nonsterile or sterile samples. The
percentage of MMH remaining in sterile soils was consistently slightly
higher than in nonsterile soils. This suggested that chemical degrada-
tion was the most important factor contributing to the disappearance of
MMH from soil. Biological degradation also contributed to the disappear-
ance of MMH, though much less significantly.

Despite the fact that biological degradation played only a
minor role in the disappearance of MMH from soil, it was found that sub-

, 14 , . . , ,
stantial amounts of C-MMH in nonsterile soil were mineralized to CO..

1o

The evolved and trapped 14C-activity in the KOH traps was principally

14
COZ’

cipitation with BaCl2 (Table 34). Degradation of MMH to CO2 is a micro-

bial process. After 9 days of incubation, 46.5 and 42.6 percent of the

. . 14 - . :
since little C-activity remained in the supernatants after pre-

applied 14C—activity were trapped in KOH for Arredondo soil treated with
100- and 500-ug/g of 14C-MMH, respectively. More than 95 percent of the

trapped 14C-activity was found to be associated with 14COZ. Furthermore,
TABLE 33. MMH IN NONSTERILE AND STERILE ARREDONDO SOIL.
Hours MMH (percent remaining)
100 ug/g 500 ug/g
Nonsterile Sterile Nonsterile Sterile
0.5 41.8 49é8 67.4 70.6
4 8.7 ND 23.4 ND
24 1.6 5.3 1.3 4.3
48 0.7 2.3 0.6 1.2

a ,
Not determined.
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14
TABLE 34. C-ACTIVITY EVOLVED AND TRAPPED IN KOH FROM ARREDONDO

SOIL TREATED WITH 14C—MMH.

Days Percent of applied 14C—activity
100 ug/g 500 ug/g
1 12.32 (0.6)° 6.82 (0.4)°
2 32.3  (1.7) 14.5 (1.2)
3 38.7 (1.9) 27.1  (1.4)
6 44.1 (2.1) 39.7  (1.6)
9 46.5 (2.2) 42.6 (1.9)
aldo_activity in KOH before addition of BaCl,.
blé

C-activity in KOH after addition of BaClz.

6.9 and 4.7 percent of the applied 14C--activity in the 100~ and 500-pg/g

treatments could be extracted with 0.I1N HCl, respectively, and 26.9 and

5]

28.8 percent of applied 14C—activity remained in the extracted 100 ana
500 ug/g treated soils, respectively. Total 14C—recoveries for the 100
and 500 ug/g treatments were 80.3 and 76.1 percent, respectively. MMH at
25°C has a vapor pressure of 49 mm Hg (Reference 40), which is somewhat
higher than the vapor pressure of water. Hence, at least a part of the
unaccounted for 14C—activity had been lost from volatilization. No 14002
was evolved from sterile soil treated with 14C-MMH.

Although MMH disappeared rapidly from both nonsterile and
sterile soils, our findings suggest that the nature of MMH degradation in
nonsterile soil may be different from that in sterile soil. Alterna-~
tively, it is possible that MMH in both nonsterile and sterile soils was
initially oxidized chemically to an oxidation product, while the product
was subsequently degraded microbiologically to CO2 in nonsterile soil.
The product in sterile soil was not degraded further.

The enhancement of CO2 production in MMH-treated soils was
in part due to the increase in aerobic bacterial populations and in part

due to the mineralization of MMH to CO Since degradation of MMH to CO

2° 2
is principally microbial, it is possible that MMH-degrading microorga-
nisms can be isolated from soil and used for detoxification of contami-

nated soils, water, and wastes.
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c. Microbial Degradation

MMH at 25 and 100 yg/mL was rapidly degraded by the grow-

ing cultures of both Achromobacter sp. and Pseudomonas sp. (Figures 48

and 49). Both bacteria required a second carbon source (glucose) and a
second nitrogen source {(ammonium nitrate) for growth. Since only small
amounts of MMH were degraded in the autoclaved cultures, degradation of
MMH in the growing cultures was principally microbial. MMH at both con-
centrations was rapidly degraded by the growing culture of Pseudomonas
sp. without a lag period. This was possibly due to either a high initial
inoculum level or a high initial degradative enzyme activity. Higher MMH
concentrations appeared to prolong the lag phase of bacterial growth.

Although the Achromobacter sp. degraded MMH, growth of this organism in

the presence of MMH at the end of the incubation period (96 hours) had
not reached the same level as in the absence of MMH.

Neither Achromobacter sp. nor Pseudomonas sp. degraded MDMH

to CO Although MMH was completely degraded in 4 days by both bacteria,

the nijority of the applied 14C—activity still remained in the culture
fluids (Table 35). Less than &4 percent of the applied 14C—activity was
found in the KOH traps. No change of radicactivity in the KOH traps was
observed before and after acidification of the KOH. This indicated that

the trapped 1Z‘C-act:ivit:y was not associated with 14COz. The trapped 14C-

activity probably consisted of 14C—MMH and volatile metabolites. MMH is
somewhat more volatile than water (Reference 40). Total 14C—recoveries
for all treatments were near 1007.

TLC-autoradiographic assays confirmed the results of the
colorimetric determinations, namely that MMH had completely disappeared
from 4-day-old cultures of the two bacteria. The TLC-autoradiographic
assays also revealed that MMH was degraded to water-soluble polar metabo-
lites (Rf value = 0),

Resting cell suspensions of the two organisms had a high
capacity to degrade MMH (Table 36). During 1 hour of incubation, MMH at
concentrations under 50 pg/g was either completely or near-completely

degraded. Even at 117 ug/g, 57 and 34 percent of the MMH were degraded

in cell suspensions of the Achromobacter sp. and the Pseudomonas sp.,
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Figure 48. MMH Degradation and Growth of Achromobacter sp.
Designations: O, A, and [J, Absorbance of Culture Fluids
with Initial MMH Concentrations of 0, 27 and 88 ug/mL,
Respectively; A and J, MMH Concentrations in Culture
Fluids; and @ , MMH Concentration in the Culture-free Medium.
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Figure 49, MMH Degradation and Growth of Pseudomonas sp.
Designations: Q, A, and [], Absorbance of Culture Fluids
with Initial MMH Concentrations of 0, 27 and 100 ug/mL,
Respectively; A and J, MMH Concentrations in Culture
Fluids; and @, MMH Concentration in the Culture-free -
Medium. )
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TABLE 35. 1Z‘C—ACTIVITY IN CULTURE FLUIDS OF ACHROMOBACTER SP. AND

PSEUDOMONAS SP., AND IN KOH TRAPS AFTER 4 DAYS OF

INCUBATION,
. 14 N
MMH Percent of applied =~ C-activity
(ug/g)
14C-Activity 14C—Activity Recovery
Remaining in Trapped in KOH
Culture Fluids
Achromobacter sp.
25 94,4 4.8 99.2
100 94.0 4.7 98.7
Pseudomonas sp.
25 96.4 4.4 100.8
100 96.8 4,4 101.2

126




TABLE 36. DEGRADATICN OF MMH IN LIVE AND AUTOCLAVED CELL
SUSPENSIONS OF ACHROMOBACTER SP. AND PSEUDOMONAS SP.2

Cell Initial MMH Percent Reduction
Suspension (ug/g) after 1 hour

Achromobactar sp.

Liveb 22 100
Liveb 41 100
Liveb 81 83
Live b 117 57
Autoclaved® 21 3
Autoclaved® 64 2

Pseudomonas sp.

Lived 21 100
Lived 45 96
Lived 86 63
Lived 117 34
Autoclaved® 22 4
Autoclaved® 67 6

2Cell suspensions were incubated at 25°C for 1 hour.
bCell dry weight 4.0 mg/mL.
“Cell dry weight 4.0 mg/mL.
dCell dr; weight 4.1 mg/mL.

€Cell dry weight 4.3 mg/mL.
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respectively. Less than 6 percent of the MMH disappeared from autoclaved
cell suspensions. This suggests that degradation in the resting-cell
suspensions was principally microbial. Since a substantial amount of
14C—MMH in soil is mineralized to l('COZ, and since such degradation is
microbiel, microorganisms that utilize MMH as a sole source of carton for
growth may exist. Efforts are being made to isolate such microorganisms

from soil.
D. CONCLUSIONS

Both hydrazine and MMH are rapidly degraded in nonsterile and ster-
ile soils and autooxilation is the major factor in contributing tec the
disappearance of the chemicals. Biological degradation also contributes
to the disappearance, but is a minor factor.

Microorganisms that have capacity to degrade hydrazine and MMH exist

in soil. Three soil bacteria, an Achromobacter sp., & iseudomonas so.

ard a Bacillus sp. are found to have capacity to degrade hydrazine. The
Achromobacter sp. and the Pseudomonas sp. also cometabolically degrade
MMH.

Despite the fact that Achromobacter sp. and Pseudomonas sp. can not

utilize hydrazine as a sole source of nitrogen as well as can not utilize
MMH as a sole source of carbon for growth, these two bacteria alsc do not
degrade MMH to its final oxidation products CO2 and H20. The organisms
may have potential for use in the detoxification of hydrazine - and MMH-
contaminated soils, water, and wastes. In this case, the nature of the
water soluble polar metabolites of MMH need to be determined.

Due to rapid degradation of hydrazine and MMH in soil, bacterial and
fungal populations in soil are less sensitive to the chemicals than to
the soil axenic bacterial cultures. In fact, hvdrazine enhances fungal

populations in soil, and MMH enhances soil respiration and bacterial

populations in soil.

E. RECOMMENDATIONS

Similar research for determination of degradation rates of hydrazine

and MMH in soil and their toxicity to soil microbial activity should also

be conducted for 1,l-dimethylhydrazine (UDMH).
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Microorganisms that have capacity to degrade UDMH to nontoxic pro-
ducts should be isolated from soil and water, Attempts siould be made to
use the organisms to detoxify UDMH from contaminated soils, waters and
wastes.

A microbial system that can completely defoxify hydrazine, MMH and
UDMH in contaminated soils, waters and wastes should be developed.

A research is needed to study the fate of hydrazine fuels in subsur-
face soils and groundwater, and microbial degradation of the chemicals in
subsurface soils and groundwater.

A microbial system that can detoxify hydrazine fuels in vadose zone

soils and groundwater should be developed.
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SECTION V
SOIL PHYSICS AND MODEL DEVELOPMENT

A, INTRODUCTION

Hydrazine is a highly reactive diamine NHZ-NH2 {or N2H4) which is a
strong reducing agent in alkaline aqueous solution (reference 40). In
alkaline and neutral solutions hydrazine undergoes rapid chemical degra-
dation by the process of autcoxidation. In acid solution hydrazine is
ZH; which is not susceptible to
autooxidation. Schmidt (reference 40) states that acidified hydrazinium

hydrolyzed to give the monovalent cation N

salt solutions can be stored for months without change in composition.
Thus, the potential for contamination of groundwater in the event of
accidental spillage of hydrazine onto a soil or subsurface leakage of
hydrazine from underground storage tanks depends greatly upon soil pH and
the capacity of the soil to buffer against rapid changes in pH. Soils
that occur in a humid climate such as that in Florida are typically
acidic with pH commonly ranging from 4 to 6. Acid sandy soils in Florida
typically have low acid buffering capacities due to low ccatents of
alumino-silicate clay minerals, iron and aluminum oxides, organic matter,
and other chemically reactive components.

This portion of the study was designed to determine i1f X would

-+
2%s
move through columns of water-saturated soil during steady flow and to

+ .,
develop a transport model to describe the movement and fate of N2H5 in

+ . . .
ZHS were miscibly displaced through
a series of soil columns to generate experimental information to evaluate

s0il columns. Aqueous solutions of N

+ .
ZHS during water transport in soil. That data was also
used to evaluate proposed models.

the mobiiity of N

Previous research results (references 1, 44, 47) have shown N2H4 and
NZH; molecules to be highly reactive in soil-water systems., Under acidic
conditions the hydrazinium form tends to dominate in the solution phase
of the soil. In acidic water NZH; is chemically ﬁfable and therefore
persistent; whereas in acidic soil-water systems NZHS ions react physic-
ally, chemically, and biologically with reactive soil constituents such
as organic matter, alumino-silicate clay minerals, and sesquioxides.

Major reactions known to influence hydrazinium in acid soil-water systems

include the following:
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Reaction

Effect Upon Potential Contamination of Groundwater

Ion exchange
or physical
sorption
between N2H;
ions and
exchangeable
soil cations
Complexation or
nonspecific sorption
of NZH; ions with
cations adsorbed
onto reactive soil
constituents
Condensation

+
reaction of NZHS
ions with carbonyl
groups of humic
components
Microbiological
degradation of
NZH; by soil
microorganisms

1.

Reversible removal of NZH; ions from

the mobile soil solution

Partially-reversible removal of
+
NZHS ions from the mobile

soil solution

Irreversible removal or

. . +

chemisorption of N,,H5
&

ions from the mobiie

soil solution

Destructive irreversible
+

removal of N H
25

from the soil-water system

ions

Hydrazinium is not susceptable to chemical degradation by autooxidation

under acid conditions.

The complexity of N

+ , . ; .
reactions with soil organic matter 1is clearly

illustrated by results published by Isaacson and Hayes (Reference 47).

They used a continuous-flow method to obtain N
hydrogen-,

(i.e.,

aluminum-,

extracts

calcium=-exchanged humic

from histosols)

+ . .

2H5 sorption isotherms for
acid preparations
Mean

in pH &4 aqueous suspensions.

sorption residence times ranged from 7 to 270 minutes for the liquid flow

rates imposed on the reaction cells.

nonspecific sorption

in those systems,

For a specific case where 2.30 mol N_H

Ion exchange, chemisorption and

were concluded to be the major sorption processes

+

5 was sorbed per
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2+
kg of Ca” - humate, relative amounts extracted by water and 0.1 M NaCl
solution were 17 and 43 percent, respectively. Approximately 26 percent
+
of the sorbed N,H. was irreversibly sorbed and 14 percent was not

275
accounted for in the humic residue. Thus,only 43 percent of the sorbed

+
N7H5 was desorbed by the physical process of ion exchange. Other pro-
cesses contributed to 26 percent of the sorbed N2H; being tightly bound

to the humic materials. The exchangeable cation species on the humic

substances was also observed to influence overall sorption of NZH;° For
+

example, NZHS ions were more extensively held by H+— humic acid than by

2
Ca” - humate or Al - humate. This observation was attributed to greater

+
ability of N2H5 ions to exchange with H+ than with Ca2+ and Al3+ ions on

carboxyl exchange sites and to disrupt hvdrogen bonds rather than
divalent- and polyvalent-cation bridges between polymeric strands of the
humic substances. As hydrazinium ions were sorbed by Ca2+—humate, Ca

ions were desorbed; whereas sorption of hydrazinium ions by A13+-humate
did not result in detectable desorption of Al3+ ions. The authors showec

. . . . - + . 3+
that ion exchange was involved in sorption of NZHS ions by Al‘5 ~humate
+ . fvstos .
even though Al3 ions were not detected in the equilibrium solution.

-4
Changes in differential enthalpy of the sorption of N H5 were such that

the affinity by which hydrazinium ions were held by Ca +—humate increased

as the quantity of sorbed N increased. In contrast, the affinity by

ot
which NqH; ions were held by H "-humic acid decreased with increasing
quantity of sorbed NZH;° Thus, the influence of chemisorption (i.e.,

condensation reaction) and non-specific sorption appeared to be lowest

+
for small concentrations of NZH; in solution for the Ca2 ~humate and
appeared to increase as the concentration increased. For sorption of
N2H; by H+—humic acid, the influence of chemisorption and nonspecific

+ .
sorption appeared to be maximal at Ilow N2H5 concentrations and to

decrease as the concentration increased. These findings are particularly

pertinent to sorption of N ions in acid sandy soils where organic

+
H
25
matter exists as coatings on clay minerals as well as discrete particles.
Although the cation exchange capacity of such soils are typically small,
the fractioral contribution of organic matter to the exchange complex is

often large.
+
Microbial degradation of N_H, and N7H5 in soil and in water has been

274 2
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investigated by Ou (Reference 39), Ou and Street (Reference 55) and Ou
and Street (Reference 3). Under aerobic, water-unsaturated soil condi-
tions degradation proceeded more rapidly in Arredondo sand than in water.
Degradation rates in the Arredondo so0il were observed to decrease as the
quantity of hyvdrazine applied increased. They reported that hydrazine
applied to Arredondo soil at concentrations of 10, 100, and 500 ug g-l
completely disappeared within 2, 24, and 168 hours, respectively. Only
20 percent of the hydrazine disappearance was directly attributable to
biological degradation. Presumably, the remaining 80 percent of the
disappearance was due to combined effects of irreversible chemisorption
and nonspecific sorption to soil components. For hydrazine concentra-
tions of 100 ug g_l and lower, hydrazine exerted no adverse effect or
only a short, temporary effect upon activity of soil nitrifying bacteria.
A toxic effect was observed for concentrations of 500 ug g-l. Thus, these
results indicate that microbial degradation of hydrazine in aerobic
Arredondo scil is greatest for low application rates of the chemical and
decreases with increasing application rate.

The net effect of ion exchange, complexation, condensation, and

microbial degradation processes upon the transport of N with water

R
through the porous matrix of soils should be to minimize local concen-
tration levels of NZH; in the mobile solution phase so as to retard the
overall migration rate of the chemical. A method for partial removal of
irreversibly retained hydrazine by acid extraction of soil was reported
(Reference 49) recently, In the event of accidental spillage of hydra-
zine onto the soil surface or unsuspected leakage of effluent from
underground storage tanks, the soil profile provides a hydrological
connection to underlying groundwater. Thus, as aqueous hydrazine solu-
tions move into and through the soil, the four major reactions that
influence hydrazine concentrations in the solution phase provide protec-
tion against contamination of groundwater. A search of the published
literature revealed a severe lack of experimental results for hydrazine
movement in soil from either laboratory soil columns (Reference 44) or
from intact soil profiles at field sites, This lack of experimental

information concerning hydrazine mobility in soils is somewhat surprising

since hydrazine hydrate was discovered 100 years ago (Reference 58) and
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is currently used for multiple purposes. Clearly, such information is
needed to evaluate the environmental impact of accidental spills or

storage tank leakage.

B. LABORATORY INVESTIGATION OF HYDRAZINIUM REACTIONS AND TRANSPORT IN
COLUMNS AND STIRRED SUSPENSIONS OF SOIL

1. Objectives
Soil columns and stirred aqueous slurries of soil were used to

investigate selected major factors which influence the persistence and

fqs + , ; .
mobility of N H_ applied to a coarse-textured soil. Factors investigated

7275
+
include concentration of N2H5 in applied aqueous soluticn, method of
solution application, and pore water velocity in soil columns during
transport.
2. Experimental Methods and Materials

Data needed to select reactions and transport processes, to
rank them in order of importance, and to evaluate them were determined
from chemical analysis of aliquots of effluent from saturated soil col-
umns and from stirred aqueous suspensions of three sequential profile

horizons of Arredondo fine sand.

a. Soil Properties

Samples from Ap, El, and E2 horizons of Arredondo fine
sand were obtained from a site (0.4 mile east of state road 24] and 0.6
mile north of state road 222) in NW Alachua County, Florida. Arredondo
fine sand is a loamy, siliceous, hyperthermic, Grossarenic paleudult
(reference 60), and is typical of the well-drained soils of Florida. At
the collection site the Ap horizon extended from the surface to a depth
of 20 cm. The El horizon was found between 20- to 80 cm depths and the
E2 horizon occurred between 80- to 120 cm depths. These horizons were

visually distinguished from one another in the soil profile. Properties
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of the horizons which affect their capabilities for reacting with and
transporting hydrazinium during water flow include texture, organic
carbon content, acid-buffering capacity, pH, chemical composition, and
cation exchange capacity.

The distribution of sizes for mineral particles in a soil
matrix has a significant effect on the moisture and chemical retention
properties of the soil. Soils high in percentage sand-size particles
tend to retain water poorly and are relatively nonreactive chemically
when compared to soils higher in contents of smaller silt- and clay-size
particles.

Particle size analysis (mechanical analysis) for mineral
soil components was performed on samples of the three horizons by the
pipette method of Gee and Bauder (Reference 46). Samples were suspended
in distilled water and dispersed with sodium hexametaphosphate. The
supernatant was decanted and allowed to settle in a constant temperature
water bath from which aliquots were removed by pipette at a depth anc
time corresponding to settling velocity determined by Stcke's Law,
Samples were dried and weighed to determine percentage clay. Remaining
material was washed, dried, and filtered through 16-, 32-, 60-, 150-, and
325~mesh U.S.A. Standard Testing sieves to determine various sand frac-
tioms. Percentage silt was determined by subtracting sand and clay
percentages from 100,

Organic carbon contained in the organic fraction of soil
consists of cells of microorganisms, plant and animal residues in various
stages of decomposition, stable humus synthesized from residues, and
highly carbonized compounds such as charcoal, graphite, and coal
(Reference 54). The determination of the amount of organic material
present in the soil is important since many groundwater contaminants
including hydrazine (Reference 47) react with organic material.

Percent organic carbon was determined by dry combustion in
an induction furnace (LECO Model No. 523-300). A sample with known
weight was placed in a ceramic crucible with iron and copper metal
accelerator added. The sample was heated inside an enclosed combustion
tube through which oxygen was passed. All of the carbon in the sample

was oxidized to C02. Small particles were removed in a dust trap, and
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sulfur was absorbed in a sulfur trap, leaving only CO, and oxygen. The

2

C02-oxygen volume was measured in a buret held at constant temperature
and corrected for pressure. The mixture was passed through a solution of
KOH in another vessel which absorbed all the C02. The oxvgen was brought

back to the original buret, and the volume of CO2 was determined by sub-
traction from the previous volume.

The dry combustion method described here determines total
carbon present in the soil. Total carbon is the sum of both organic and
inorganic carbon. 1Inorganic carbon is found in carbonate materials such
as calcite, dolomite, and soluble carbonate salts, and is not generally
found in well-leached soils of low pH (Reference 54). In such soils
total carbon content is equivalent to organic carbon content.

The transport of water and soluble chemicals through
water-saturated soil is dependent on physical, microbiological, and chem-
ical processes. The chemical and microbiological processes act to retard
or degrade the chemical in solution as it is moved down gradient under
the influence of physical flow processes. Hydrodynamic dispersion is an
important physical process which incorporates diffusion gradients and
velocity distributions within soil pores. Dispersion coefficients corre-
sponding to Darcy flow rates of 0.5 (1.4 x 10_6 m s—l) and 5.0 (14.0 x
107°

Powers (Reference 48) from data obtained by passing a pulse of tritiated

m s-l) cm h_l were determined by using the derivation of Kirkham and

water (10,000 cpm in 0.01N CaClz) through the so0il columns. A;scintil—
lation fluid (Scintiverse Il) was added to samples of column effluent
and concentrations of 3HZO were determined using a Liquid scintillation
counter. Kirkham and Powers(Reference 48) differentiate the complemen-
tary error function (erfc) mathematical solution to the conservative

solute transport equation

C/Co = 0.5 erfc [uL(1l-p)/4Dp] (1
to obtain the slope m of the breakthrough curve (BTC) at p = 1 (or C/Co =
0.5) where C is the solute concentration in the effluent, CO is the sol-

ute concentration of the applied influent solution, p is the number of

pore volumes of effluent, v is the pore water velocity, D is the hydro-
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dynamic dispersion coefficient, and L is the soil column length. The
dispersion coefficient D can thus, be determined from the relationship

D = UL/MTmz. [2]

The slopes of breakthrough curves for tritiated water tracers were deter-
mined and substituted into equation [2] to calculate the dispersion
coefficients for each horizon at each flow rate.

Soil pH is very important to the transport of hydrazine in
the soil enviromment since hydrazine molecules are protonated to yield
hydrazinium ions in an acidic aqueous environment. In aqueous solution
at pH 7,96 (i.e., the pKa of hydrazine) hydrazine and hydrazinium occur
in equal proportions. The protonated hydrazinium ions are able to
undergo ion exchange reactions on soil particle surfaces, having a poten-
tially significant impact on the transport process.

The pH of each soil horizon was determined by placing 25 2

of soil in a 100 mL beaker, adding 50 mL of 0.0l N CaCl stirring for

>
two minutes with a magnetic stirring-bar, and reading 2the pH of the
suspension.

The acid-buffering capacity of the three horizons of
Arredondo fine sand was measured by preparing titration curves giving pH
for each addition of Ca(OH)Z. Five grams of soil and 25 mL of CaCl2 were
added to a beaker and stirred for 3 minutes before the pH was read.
Ca(OH)2 was then added in equal increments and the pH noted. The Ca(OH)2
was previously titrated with 0.01 N potassium phthalate to an end point
of 0.0084 N.

Concentrations of calcium, aluminum, magnesium, iron,
sodium, and potassium metals in the three soil horizons were determined
by using flame atomic adsorption spectroscopy to chemically analyze acid-
extractions for each soil material. Approximatély 5-g samples of each
so0il horizon were first placed into a 50-mL polysulfone centrifuge tube
into which was added 20 mL of 0.01 M HNOB. The tubes were mechanically
shaken for 4 hours at low speed, then centrifuged for 10 minutes at 10°C
at 10,000 rpm with a 2,000 rpm per minute acceleration rate. Following

centrifugation, supernatant in each tube was decanted into acid-washed
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glass scintillation vials and analyzed using an atomic adsorption spec-
tometer.

X-ray diffraction analysis was performed to determine the
principle mineral species in each soil horizon. Approximately 500-g
samples of each horizon were wet-sieved through a 0.0017-mm screen to
remove sand particles. Approximately 100 mL of chlorox was added to the
Ap horizon filtrate to oxidize soil organic material which tends to
interfere with the X-ray diffraction process. After 2 days of oxidation
time, 30 mL of 0.5 N HCl was added to flocculate the clay minerals. The
suspension was allowed to stand for 1 day, then centrifuged at 16,000 rpm
for 6 minutes. The centrifugation process was repeated 6 times, each
time collecting the supernatant and resuspending the sediment in pH-10
distilled water. Approximately 100 mL of saturated NaCl was then added
to flocculate clay material. An aliquot of clay suspension was placed on
porous ceramic tiles, and 1 N MgClz, KC1l, and glycerol were added to the
tiles to allow differentiation of kaolinite from the smectite clays.

Published chemical analysis on samples of Arredondc fine
sand by the Soil Conservation Service has revealed the soil to have a low
Cation Exchange (Reference 60) Capacity (CEC). This analysis was con~
firmed by determining the CEC of the Ap, El, and E2 horizons of Arre-
dondo fine sand. Dilutions were made of a stock solution of 0.006 N
CaClZ. Forty mlL of each dilution was placed in a polysulfone centrifuge
tube along with 4-g of soil and shaken gently for 4 hours. The tubes
were centrifuged for 10 minutes at 10,00 rpm, and the supernatant was anal-
yzed for calcium., Tnhe decrease in calcium concentration in the superna-
tant was considered to be adsorbed onto the soil surface, and the plateau
of the plot of calcium in solution versus adsorbed calcium was considered
to be the exchange capacity. The CEC for the E2 soill was thus, determined
to be approximately 4.0 mmol(+) kg—1 of soil.

b. Miscible Displacement Investigations with Soil Columns

Flow experiments were performed by initially pumpimg acid-
ified 0.01 N CaCl2 solutions for 24 hours into columns of air-dry soil in
order to displace air from soil pores and saturate soil exchange sites
with Ca+2 ions. Acidified 0.01 N CaCl2 solutions containing a specified

concentration of hydrazinium were pumped into each column as either a
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pulse or as a continuous application in order to investigate the mobility
of hydrazinium. Solutions were pumped with one of two different Darcy
flow velocities (q) to simulate high and low velocities that might com-
moinly be expected under field conditions. Effluent aliquots were collec-
ted using an automatic fraction collector and analyzed for hydrazinium,
calcium, and pH. Results were graphed by plotting the relative concen-
tration (C/Co where C0 was the concentration in the applied solution) of
the effluent component of interest against the number of pore volumes (p)
of effluent. A schematic diagram of the equipment utilized in the
miscible displacement experiments is shown in Figure 50.

Bulk samples of the three horizons of Arredondo fine sand
were removed with a clean shovel from within each horizon sufficiently
far removed from the horizon boundary to preclude contamination from
above and below. Each bulk sample was sieved through a 2-um mesh, on a
flat tray, air-dried for 3 days, well-mixed, and then stored in plastic
buckets for later use.

Cylindrical glass chromatography columns 30-cm long with
5-cm inside diameter (kontes No. 420800-3020) were hand packed to a bulk
density of approximately 1.4 Mg m_3 for Ap soil and 1.6 Mg m-3 for El and
E2 soils. These values for bulk density were determined earlier for
Arredondo fine sand by the Soil Conservation Service.

Air initially present in packed columns of air-dry soil
was displaced by introducing a flowing stream of helium gas into the top
of each capped column for 1 hour prior to wetting up with acidified 0.0l

N CaCl2 solutions. Thus, 02, N2’ and CO, gases originally present within

soil pores were displaced out the bottoi of the columns and replaced by
nonreactive helium gas.

Helium gas in the pore space of the soil columns was then
displaced with liquid by pumping helium-saturated, acidified 0.0l N CaCl2
into the bottom of each column. Pumping was continued for at least 15
hours to assure a high degree of liquid saturation of the soil pore space
and to insure replacement of exchangeable cations with Ca2+ on soil
exchange sites. Aqueous 0.01 N CaCl2 solution was deaerated for at least

2 hours by bubbling helium gas into continuously stirred flasks. Aqueous

CaCl2 solutions applied to columns of Ap, El, and E2 soil were acidified
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by adding HCl to give pH values of 4.5, 5.0, and 5.1, respectively. Dea-
eration was insured by taking dissolved oxygen measurements with a cali-
brated dissolved oxygen probe. A 0.0l N CaCl2 solution was used to
approximate the ionic solution of natural groundwater in Florida which is
dominated by the calcium cation. While 0.0l N is a stronger solution
than is commonly found, it was used to insure saturation of soil cation
exchange sites with calcium., The average soil water content for each
column was determined by weighing the entire column before and after
wetting up and assuming that the difference in the two weights was
attributable to liquid.

Aqueous solutions were transferred from flasks to the soil
columns by a Gilson peristaltic pump (Gilson Model Minipulse 2) through
small diameter Tygon tubing. Pumping rates of 101.2 and 10.12 cm3 h-l
were used to give Darcy flow velocities of 5 and 0.5 cm h"1 through the
soil columns. Flow rate calibration for the pump used was made by adjus-
ting pump speed to obtain the proper volume of column effluent per unit
time as determined using a graduated cylinder.

Hydrazine hydrate (N2H4'H20) was used E? prepare acidified
0.01 N CaCl2 influent solutions with low (6.6 mg 1 "), medium (165 mg
1—1), and high (660 mg 1_1) concentrations Co of hydrazinium (NZH;).
Preliminary column work showed that pulses of 660 mg l_1 hydrazinium sol-
utions applied to soil columns were sufficiently concentrated to over-
whelm most of the soil attachment sites and sorption/degradation proces-
ses, while 165 mg l—1 hydrazinium solutions appeared to give definable
BTC for hydrazinium. Application of 6.6 mg l—1 solutions of hydrazinium
resulted in severe retardation and removal of NZH; from the solution
phase of the soil. The pH of the applied hydrazinium solutions was
adjusted to pH 4.5 for Ap soil, 5.0 for El soil, and 5.1 for E2 soil by
the addition of HCl, since each of the three hoiizons was acidic. The
relative proportions of hydrazine and hydrazinium in aqueous solution can
be determined from the relationship:
7.96 - pH &)

C/C1 = 10

+
where C and C1 are the concentrations for N7H4 and N2H5, respectively,
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and 7.96 is the pka value for the chemical reaction

NH, + H,0 | NZH; + OH (4]
A plot of the relationship of the pH to the percent hydrazinium illus-
trates the mathematical relationship. 1In the soil pH range from 4.86 to
5.05 the hydrazine solution is found to be approximately 99.9 percent
hydrazinium.,

Acidified 0.01 N CaCl2 solutions with a specified concen-
tration Co of hydrazinium at the two flow rates were pumped into the bot-
tom of each column either as a pulse of 2-pore volume width or as a con-
tinuous input. Pulse irputs were followed by application of acidified

0.01 N CaCl, solution with Co = 0. Application of influents as a pulse

2
allowed an observation of ascending and descending limbs for each BTC for

NZH;’ Ca2+ and H+ in column effluent, thus, giving valuable insight about
the kinetic nature of reversible hydrazinium sorption processes. A break-
through curve from a continuous input provided valuable information about
irreversible processes of chemisorption and degradationm.

A fraction collector (ISCO Model Retriever II) was posi=-
tioned to collect effluent emerging from small diameter Tygon tubing con-
nected to the top of the soil column. During the high flow rate, glass
test tubes with 10-mm diameter were automatically moved under the emerg-
ing stream of effluent at 9-minute intervals, thus, collecting approxi-
mately 15 mL of effluent per tube, or about 13 tubes per pore volume of
solute. One mL of 1 N HCl was added to alternate test tubes to ensure
that hydrazine existed in the stable hydrazinium form. Nonacidified
tubes were examined for pH and calcium concentrations.

For the low liquid flux (q = 0.5 cm h-l) treatment, 12-mm
diameter test tubes were used to collect fractions at 2~hour intervals.
Each tube contained approximately 20 mL of effluent, or about 10 tubes‘
per pore volume. Again, one mL of IN HCl was added to alternate test
tubes. Nonacidified tubes were examined for pH and calcium concentra-
tions.

Hydrazine analysis was performed using a modification of

the method of Waats and Chrisp (Reference 32). Small aliquots of col-
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lected fractions were placed into a 25-mL volumetric flask along with 15
ml of p - Dimethylaminobenzaldehyde (PDBA). Hydrazine reacts with PDBA
to form an intense orange color proportional to the concentration of
hydrazine present. The solution was diluted and stabilized by the addi-
tion of IN HC1l to bring the volume up to 25 mL The color intensity was
read with a spectrophotometer (Perkin Elmer, Coleman 54B) as percent
transmission and then converted to absorbance. Hydrazine standard solu-
tions were prepared with known concentrations and also read along with
the effluent fractions. Effluent sample concentration was interpolated
from the standard curve.

Calcium analysis of the effluent was performed by atomic
adsorption spectrometry (Perkin Elmer flame spectrophotometer Mcdel 460).
Effluent samples were diluted 1 to 200 and absorbance was determined
using a nitrous oxide flame. Interpolation of calcium concentration was
made from a standard curve run at the same time as the samples of efflu-
ent. A determination of pH was made using a calomel electrode (Ross No.
2222 on an Orion meter No. 333) as effluent fractions were collected.

Analysis of the data obtained from each column effluent
fraction was facilitated by plotting relative concentration (C/Co) of
NZH; in the effluent versus the number of pore volumes of column effluent
(p = B/Bo where B is the cumulative volume of effluent and BO is the
volume of water present in the water-saturated soil column). At the time
hydrazinium analysis was performed on samples of column effluent, analy-
sis of concentrations (Co) of influent solutions was performed for ali-
quots saved from flasks containing input solution. The hydrazinium
concentration determined on each effluent fraction was divided by the
concentration of the input solution to establish a relative scale with a
maximum value of 1.

Breakthrough curves were also prepared for Ca2+ concentra-
tions and pH of column effluent. The resulting breakthrough curves of
solutes in column effluent reveal important information about the dyna-
mics of physical and chemical interactions within the column as solute

moves through the pores of the soil and emerges in the effluent.
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3. Results and Discussion

Soil materials from the three upper horizons of Arredondo fine sand
consisted of a dominant sand-size fraction and relatively small fractions
of silt and clay (Taeble 37). From the standpoint of particle size dis-
tribution or texture, the El and E2 horizons have greater similarity to
one another than they do to the Ap horizon. The 2.6 percent clay and 7.3
percent silt contents in the Ap horizon set it apart as significantly

different than the two lower horizons.

TABLE 37. PARTICLE-SIZE DISTRIBUTION OF ARREDONDO FINE SAND

Soil Silt Clay
Horizon Sand Content Content Content
Very Very
Coarse Coarse Medium Fine Fine Total Total Total
(2=-1mm) (1-.5) (.5-.25) (.25-.1) (.1-.05) (2-.05) (.05- (*.002)
.002)
(percent)- - - _———
Ap 0.0 3.0 21.6 57.3 8.2 90.1 7.3 2.6
El 0.0 1.5 21.6 54.2 16.1 93.4 4.9 1.7
E2 0.0 3.3 29.6 50.1 11.5 94,5 3.7 1.8

The analysis of Arredondo fine sand revealed that the highest
organic carbon content occurred in the surface Ap horizon and was much
less in successively deeper soil horizons. The upper horizon contained
1.84 percent organic carbon compared to 0.34 and 0.14 percent for the El
and E2 horizons, respectively. While these precentages are low, it is
significant to note that the Ap horizon contains approximately six times
as much organic carbon as the next lower horizon.

Hydrodynamic dispersion coefficients D obtained by displacing 3HZO
solute tracer through columns of Ap, El and E2 Arredondo soil are given
in Table 38 for Darcy liquid velocities of 0.5 and 5 ¢cm h-l. In general,
relatively small values for D were obtained indicating sharp BTC for con-

servative solutes.
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TABLE 38. HYDRODYNAMIC DISPERSION COEFFICIENTS D OF 3H 0 IN Ap, E1 AND

E2 ARREDONDO SOIL HORIZONS ‘
Soil
Horizon Darcy Flow Velocity g
q=0.5cm h-_l g = 5.0 cm h-l
(cm2 s—l) (cm2 5—1)
Ap 2.5 x 107% 8.0 X 107%
El 3.0 X 107% 4.5 x 107
E2 5.5 X 107 9.0 X 107%

The dispersion coefficients were verified by substituting them into the

convective dispersion equation for a conservative or nonreactive solute:
]
3c/8¢ = p3¢/3x? - vic/dx [5]

and comparing calculated results (Figures 51 and 52) with experimentallv
determined BTC for tritiated water in the column effluent.

The three horizons of Arredondo fine sand were found to be acidic,
therefore, N2H+ was the prevalent form of hydrazine under water-saturated
soil conditions. Measured pH values of the soil suspensions for Ap, El
and E2 Arredondo soil were 4.45, 4.98, and 5.10, respectively.

Titration curves for the Arredondo soil are given in Figure 53.
None of the three curves show the characteristic sigmoid shape indicative
of a buffered plateau with less buffered regions on either side. The
titration curve of the Ap horizon has a smaller slope than that of the El
horizon, indicating 1less susceptibility to pH change by increasing
amounts of Ca(OH)Z. The order of buffering capacity of the three hori-

> El > E2 with none of them possessing a strong buffering

zons was Ap
capacity.
Chemical analysis performed on acid extractions of soil samples
(Table 39) indicate a predominance of calcium and aluminium elements.
Concentrations of all elements were in the order Ap > El > E2 for the

three soil horizons.
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Concentration

Rel.

Dispersion Verification: 5.0 cm hr ™%

v L T : 1‘E¥1&1§T-15-———'
1
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q
-
ﬁ
(o) 0.5 1.0 1.5 2.0
Pore Volumse
Fig 51. Experimental (Open Circles) and Least-Squares Fit

(Smooth Curves) BTC for Tritiated Water in Effluent
from Columns of Ap, E}r and E2 Arredondo Soil with
Liquid Flux q = 5 cm h
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Concentration

Rel.

o) 0.5 1.0 1.5 2.0
Pore Volume

Fig 52. Experimental (Open Circles) and Least-Square Fit
(Smooth Curves) BTC for Tritiated Water in Effluent
from Columns of Ap, El, and E2 Arredondo Soil with
Liquid Flux q = 0.5 cnm h .
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TABLE 39, CHEMICAL ANALYSIS OF ARREDONDO SOIL FROM Ap, El,
AND E2 HORIZONS

Element Concentration

Ap Soil El Soil E2 Soil

(g 1g™h) (g 1g™h) (g Mg )
Calcium 561 29 16
Magnesium 24 4 4
Sodium 24 7 8
Potassium 19 7 5
Iron 78 77 46
Aluminum 691 359 140

X-ray analysis of the clay films from Ap, El, and E2 Arredondo soil
revealed peaks (Figure 54) at angles corresponding to the D-spacing of
kaolinite. ©No smectite clays or significant mineral oxides were found.

Descriptive data for soil columns used in miscible displacement
experiments is given in Table 40. A total of 32 soil columns were used
--- 8 for Ap soil, 12 for El soil and 12 for E2 soil. Treatments for
each soil included three concentrations, Co’ of hydrazinium (low, medium,
and high) in applied influent, two Darcy fluxes (low and high), and two
methods for applying the hydrazinium solutions (pulse and continuous).
Values for soil bulk density, P, and volumetric water contents, 8, for
s0ll columns is given in Table 41, Experimentally~-determined pH and con-
centrations o* NZH; and Ca2+ in column effluent are reported in (Figures
68-75 in Appendix) for Ap soil, (Figures 76-83 in Appendix) for El soil
and (Figures 84-91 in Appendix) for E2 soil. Soil columns designated as
1 through 4 in Table 40 for Ap soil with influent having low concentra-
tion of hydrazinium were not used in miscible displacement experiments.
ZH; removed from the
soil in effluent to quantities applied in influent) of hydrazinium (Table

Incomplete recoveries (ratios of quantities of N

42) in effluent from soil columns indicate that the chemical was undergo-
ing a degree of irreversible removal or chemisorption by soil components
as the influent was dilsplaced through the columns. For each soil, recov-

eries of hydrazinium were less when g was 0.5 cm h_l than when q was 5 cm
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TABLE 41. PERTINENT PARAMETERS FOR MISCIBLE DISPLACEMENT EXPERIMENTS. SOIL PARTI-

CLE DENSITY OF 2.65 Mg m—3 WAS ASSUMED IN ORDER TO ESTIMATE POROSITY f

USING £ = 100 (1l- p/2.65).

Degree Pore
Estimated Soil Water Water
Bulk Porosity Water Saturation Velocity
Column Density f Content 8/f U
Designator (Mg m_3) (m3 m-g) (m3 m_3) (percent) (em h_l)
1 no data
2 " "
3 " "
4 " "
5 1.43 0.46 0.36 78 1.39
6 1.42 0.46 0.27 59 1.85
7 1.47 0.55 0.28 51 17.9
8 1.46 0.45 0.30 67 16.7
9 1.44 0.46 0.33 72 1.52
10 1.44 0.46 0.24 52 2.08
11 1.42 0.46 0.30 65 16.7
12 1.46 0.45 0.25 56 20.0
13 1.61 0.39 0.26 67 1.92
14 1.61 0.39 0.22 56 2.27
15 1.56 0.41 0.28 68 17.9
16 1.61 0.39 0.26 67 19.2
17 1.63 0.38 0.26 68 1.92
18 1.59 0.40 0.24 60 2.08
19 1.59 0.40 0.26 65 19.2
20 l1.61 0.39 0.23 59 21.7
21 1.62 0.39 0.25 64 2.00
22 1.60 0.39 0.24 62 2.08
23 1.59 0.40 0.27 68 18.5
24 1.61 0.39 0.26 67 19.2
25 1.64 0.38 0.26 68 1.92
26 1.60 0.40 0.25 63 2.00
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TABLE 41. PERTINENT PARAMETERS FOR-§ISCIBLE DISPLACEMENT EXPERIMENTS. SOIL PARTI-

27
28
29
30
31
32
33
34
35
36

CLE DENSITY OF 2.65 Mg m WAS ASSUMED IN ORDER TO ESTIMATE POROSITY f
USING F = 100 (1-p/2.65).(concluded)

1.63 0.38 0.24 63 20.8
1.63 0.38 0.25 66 20.0
1.65 0.38 0.23 61 2.17
1.61 0.39 0.26 67 1.92
1.65 0.38 0.24 63 20.8
1.63 0.38 0.25 66 20.0
1.62 0.39 0.27 69 1.85
1.63 0.38 0.25 66 2.00
1.63 0.38 0.25 66 20.00
1.63 0.38 0.25 66 20.00

TABLE 42. RELATIVE RECOVERIES (100 TIMES THE RATIOS OF QUANTITIES OF SOLUTE

APPLIED IN INFLUENT AND QUANTITIES ELUTED IN EFFLUENT) OF HYDRAZINIUM IN
SOIL COLUMN EFFLUENT. THREE.LETTERS ARE USED AS TREATMENT DESIGNATORS
FOR SOIL COLUMNS. THE FIRST LETTER IS THE CONCENTRATION, Co’ OF
INFLUENT (L = LOW, M = MEDIUM, AND H = HIGH), THE SECOND LETTER IS
LIQUID FLUX q (L = LOW AND H = HIGH), AND THE THIRD LETTER IS THE METHOD
OF INFLUENT APPLICATION (P = PULSE AND C = CONTINUOUS).

Recovery

Column Soil Treatment Hydrazinium
Designator Horizon Designator (percent)

1 Ap LLP no data

2 1" LLC 1

3 " LHP "

4 1" LHC "

5 " MLP 0

6 " MLC 38.2

7 " MHP 0

8 " MHC 59.3

9 " HLP 17.9
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TABLE 42. RELATIVE RECOVERIES (100 TIMES THE RATIOS OF QUANTITIES OF SOLUTE
APPLIED IN INFLUENT AND QUANTITIES ELUTED IN EFFLUENT) OF HYDRAZINIUM
IN SOIL COLOMN EFFLUENT. THREE LETTERS ARE USED AS TREATMENT DESIGNATORS
FOR SOIL COLUMNS. THE FIRST LETTER IS THE CONCENTRATTION, Co, OF
INFLUENT (L = LOW,'M = MEDIUM, AND H = HIGH), THE SECOND LETTIER 1S
LIQUID FLUX g (L = LOW AND H = HIGH), AND THE THIRD LETTER IS THE MEHTOD
OF INFLUENT APPLICATION (P = PULSE AND C = CONTINUOUS).(Concluded)

10 " HLC 38.2
11 " HHBP 51.8
12 " HHC 48.9
13 El LLP 0
14 " LLC 0
15 " LHP 0
16 " LHC 0.9
17 " MLP 31.7
18 " MLC 58.7
19 " MHP 63.7
20 " MHC 88.1
21 " HLP 76.0
22 " HLC 95.6
23 " HHP 84.4
24 " HHC 92.3
25 E2 LLP 0
26 " LLC 31.2
27 " LHP 40.2
28 " LHEC 44,0
29 " MLP 79.7
30 " MLC 75.9
31 " MHP 79.1
32 " MHC 79.2
33 " HLP 92.6
34 " HLC 92.5
35 " HHP 114.6
36 " HHC 81.6

h_l. This result was expected since the smaller liquid flux gives a ten-

fold greater residence time in the column compared to the larger flux and

thus permits greater opportunity for chemisorption to occur. This result
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strongly implies that the irreversible chemisorption behaved as a kinetic
reaction. The order of hydrazinium recoveries in column effluent was
generally in the order Ap < El < E2 which was related to the relative
contents of organic carbon in these soil horizons.

For each soil, recoveries of hydrazinium in column effluent tended
to be the highest when the high concentration influent was applied. When
influent contained high hydrazinium concentrations, recoveries ranged
from 18 to 52 percent for Ap soil, 76 to 96 percent for El soil, and 82
to 100 percent for E2 soil. When influent contained medium hydrazinium
concentrations, recoveries ranged from 0 to 59 percent for Ap soil, 32 to
88 percent for El soil, and 76 to 80 percent for E2 soil. Recoveries
ranged from 0 to 0.9 percent for El soil when influent conta’ned low
hydrazinium concentration and ranged from O to 44 percent for E2 soil.
Thus irreversible chemisorption appeared to be inversely related to the
concentration of hydrazinium applied as influent.

Hydrazinium recovery in column effluent also was generally greater
for conditions where hydrazinium solutions were applied continuously for
a large number of pore volumes of effluent versus conditions where hydra-
zinium solutions were applied as a wide pulse for a relatively small num-
ber of pore volumes of effluent., Acidified solutions of 0.001 N CaCl

2

solutions without any N were applied with a pump to each column after

+
25

a pulse of N solution had been applied. Recoveries observed by pulse

H
and continuoissapplications of medium concentration influent with high
liquid flux were O and 59 percent, respectively for Ap soil, 64 and 88
percent for El soil, and 79.1 and 79.2 percent for E2 soil.

Breakthrough data for hydrazinium in column effluent (Figures 68-91
ZH; cations were most mobile in the E2 soil,
less mobile in the El soil and considerably less mobile in the Ap surface

in Appendix) showed that N

soil. Hydrazinium BTC for El and E2 so0il columns that received high
concentration influent was characterized by early appearance of NZH;
cations in the effluent, sharp initial portions of the curve, and rela-
tively high maximum concentrations. In contrast, hydrazinium BTC for Ap
so0il columns that received high concentration influent was characterized
by delayed appearance of NZH; in the effluent, more diffuse initial

portions of the curve, and lower maximum concentrations. The general

156




order of hydrazinium mobility in each soil for different concentrations,
Co, of hydrazinium in applied influent was: high Co > medium Co > low
Co. As expecsfd for kinetically-driven sorption processes, the mobility
of applied NZHS was EThanced in each scil by increasing Darcy licuid flux
from 0.5 to 5.0 em h ".

BTC for Ca’' in effluent from E2 soil (Figures 84-91 in Appendix)
were obviously related to hydrazinium BTC and indicate that some of the
exchangeable Ca2+ ions were replaced by NZH; cations by cation exchange
as hydrazinium influent was displaced through the columns. When high
concentration influent was applied continuously, the breakthrough of NzH;
in the effluent was preceded by a peak in the Ca2+ BTC. When influent
was applied as a pulse, the Ca2+ BTC was characterized with a peak prior
to hydrazinium breakthrough as well as a trough with a minimal concentra-
tion that occurred after the hydrazinium breakthrough. The Ca2+ peak was
associated with exchangeable Ca2+ cations being replaced with NOH+
cations and the Ca2+ breakthrough was associated with exchangeable N;HS
cations being replaced with Ca+2 ions. The magnitude of the peaks arnd
breakthroughs for Ca+2 BTC were much less detectable for effluent solu-
tions with medium and low concentrations of NZH;.

When hydrazinium influent was applied continuously to soil columns,
a rather sharp decrease in pH occurred as NZH; cations first appeared in
the effluent. For pulse applications of influent, pH also increased
sharply as hydrazinium concentration in the effluent sharply decreased.
The decrease in pH (increase in hydrogen ion activity) was attributed to
exchangeable H+ ions being replaced with NZH; cations in the incoming
influent. The increase in pH was attributed to exchangeable NZH; being
replaced with H+ ions.

Aqueous acidic 0.0IN CaCl, solutions with specificed hydrazinium

concentration, CO, were miscibl; displaced through 30-cm long columns of
water-saturated Arredondo fine sand under conditions of steady liquid
flux in order to assess the influence of pore water velocity v, C0 of
input hydrazinium solutions, and two methods of application of input
solution upon the tranmsport of hydrazinium. Darcy flow velocities of
approximately 0.5 and 5.0 cm h_l corresponded roughly to pore velocities

of 2 and 20 cm h-1 where soil water content was about 0.25 cm3cm_3. Pore
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velocities of 2 and 20 cm h-l provided residence times of about 15 and
1.5 hours, respectively, within a 30-cm length soil column. Low (Co =
6.6 mg l-l), medium (CO = 165 mg l_l) and high (C0 = 660 mg 1—1) hydrazi-
nium concentrations were applied as input solutions. Two methods of
appiication were used: continuous (a step-function increase from zero
concentration in input solution to Co) and pulse, Columns were hand-
packed with soil material from Ap, El, and EZ horizons from a profile of
Arredondo fine sand. Although the hand-packed columns represent
physically-modified soil with respect to soil structure, their use
provided a convenient means to investigate the fate and transport of
hydrazinium in cylindrical bulk volumes of chemically and physically
homogenous soil taken from the three profile horizons of primary inter-
est.

Experimental BTC for hydrazinium in effluent from soil columns of
Arredondo fine sand revealed that mobility of applied hydrazinium
increased with increasing pore water velocity and with increasing C0 in
cpplied solution. Similar behavior typically occurs with other reactive
chemicals such as orthophosphate (references 50, 51, 59) when applied to
sandy soils.

Relative mobility of hydrazinium applied as influent to columns of
water-saturated Arredondo soil differed with soil taken from different
horizons in the profile. Mobility of applied hvdrazinium increased with
increasing depth of the soil hoerizons. Minimal mobility occurred in
columns of Ap surface soil which had the highest contents of organic
matter and clay minerals and was maximal in columns of E2 subsoil.
Hydrazinium mobility was intermediate for the E! subsoil horizon.

For hydrazinium BTC from columns of all three soil profile horizons
which received influent solutions with the highest CO (660 mg l-l), the
occurrence of early breakthrough (less than 2 pore volumes) in the efflu-
ent as well as steep curves immediately following initial breakthrough
indicated high mobility of the solute during transport. Considerable
tailing of BTC's for both pulse~ and continuous-applications of influent
indicated that kinetic reaction mechanisms were operative in controlling
the hydrazinium concentration in the solution phase of the soil. Incom-

plete recovery of applied hydrazinium in the eff'uent revealed that some
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of the solute was removed irreversibly during miscible displacement of
the influent.

Fractional recoveries of applied hydrazinium ions in effluent from
columns of El, E2 and Ap soil materials were especiallv low when the
influent had the low hydrazinium concentration (6.6 mg 1—1). Influent
pulses with low C0 resulted in no elution of N2H; ions from columns of Ap
soil. Low recoveries also occurred when medium concentration (165 mg
l‘l) influent was applied to the Ap topsoil. Thus, quantities of hvdra-
zinium irreversibly removed from the soil solution during displacement of
influent through soil columns were directly related to contents of
organic matter and clay minerals in the soil matrix. For all soil hori-
zons and all Co in influent, tenfold increases in pore water velocity
from approximately 2 to 20 cm h_l generally increased fractional recover-
ies of UZH; and gave initially steeper slopes in the BTC. This observa-
tion indicates that the shorter solute residence time provided less time
for the kinetic reactions between hydrazinium and soil components,

Breakthrough curves for Ca2+ and H+ ions in effluent for each column
were observed to be related to hydrazinium BTC. When influent with high
Co was applied to soil columns, initial breakthrough of NZH; in the
effluent was preceded by an increase in H+ concentration (i.e., a
decrease in pH) which in turn was preceded by an increase in Ca2+ concen-
tration. This observation implies heavily that the BTC's for these three
cation species were at least partially related by the physical process of
ion exchange. A further implication is that soil exchange sites exhi-
bited the following order of preference for the 3 ion species: H+ > Ca2+
> NZH;. Equivalent fractions of Ca2+ ion species in the so0il solution
initially (Table 43) exceeded 99.6 percent whereas it was only 33.3
percent in the displacing influent which contained 66.6 percent equiva-
lent fraction of N H+ ions for the case of high CO. Thus the ratio of

25

+ + i
equivalent fractions of NZHS and of Ca2 in the influent was approxi-

mately 2.0  which provided a mass-action effect that permitted the
-+

applied N2H3

ions initially present on the soil exchange sites. Recent work by Rhue

; : . C s . 2+ +
ions in solution to competitively exchange with Ca and H

+
and Mansell (refercnce 56) has shown that H dions can provide important

. + 2+ +
ternarv effects upon binaryv exchange between Na and Ca as well as K




TABLE 43, EQUIVALENT FRACTIONS OF CaZ¥, Nzﬁ;. AND H' ION SPECIES IN

COLUMN INFLUENT WITH CONCENTRATIONS C_ OF 0, 6.6, 165, AND
660 mg 17'. ALL SOLUTIONS CONTAINED 0.0l N CaCl, AND pH WAS
ADJUSTED TO 4.5. CONCENTRATIONS RATHER THAN ACTIVITIES

WERE USED IN CALCULATIONS.

Influent Equivalent Fraction of Ion
Concentration of Influent Species in Influent
Molarity
+ 2+ + +
N2H5 of N2H5 Ca N2H5 H
(mg 1-1) (mmol (+) cm_3) percent percent percent
0 1.033x10"2 99.694 0 0.306
6.6 1.023x102 97.762 1.955 0.309
165 1.503x102 66.534 33,267 0.210
660 3.003x102 33.300  66.600 0.105

and Ca2+ ion species in acid soil systems. In Cecil soil, pH-dependent
charge sites in the exchange complex were shown to have a greater affin-
ity for divalent Ca than for monovalent Na+ or K+. Ca ions were there-
fore expected to displace more exchangeable H' ions than would Na+ or K+.
A mathematical model for describing ion transport and multicomponent ion-
exchange in soil columns was recently modified (réference 52) .o permit
the use of variable exchange selectivity coefficients. The modified
model was observed to simulate a ternary ion system with Ca2+, Mg2+

Na+.

and

+

When influent solutions with low and medium concentrations of NZHS

were applied to soil columns, BTC's for Ca2+ and H' showed increasing

+
concentrations of these species prior to NZH BTC but the magnitudes of

5
these increases were much less than that for high Co' This effect was
+
expected since the ratios of equivalent fractions of NZH; and Ca2 ion

species in the low and medium concentration influent solutions were only

0.199 and 0.500, respectively. Thus,NZH:

less competitive for exchange with Ca and H ions present in the soil

would be expected to be much
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exchange complex for these influents relative to that for influent with
high Co where the ratio of equivalent fractions of NZH; and Ca2+ was
2.00.

Hydrazinium BTC presented in this report as well as by Downs et al
(reference 45) and Mansell et al (reference 52) provide important first-
time experimental data that shows that Nth applied to columns of acid
sandy Arredondo soil was in fact transporgéd/ through the soil under lab-
oratory conditions of steady flow and water-saturation of the porous
media. The relatively high mobility of this toxic chemical for condi-

tions of high pore water velocity and high concentration of N of

+
H
25
applied influent have significant implications with respect to potential
contamination of groundwater in the event of accidental spillage or

leakage of hydrazinium into Arredondo fine sand soil.

C. MATHEMATICAL MODEL FOR ONE-DIMENSIONAL TRANSPORT OF HYDRAZINIUM IN

SOIL

1. Model Description

A simple mathematical model was developed to describe the

convective~dispersive transport and reactions of NZH; during steady
liquid flow through columns of water-saturated Arredondo fine sand. Acid
conditions were assumed so that only protonated ionic forms of hydrazine
are considered. Hydrazinium ions in the soil solution are assumed to be
subject to relatively fast kinetic physical sorption (i.e., ion

exchange). Physically sorbed N H; ions are simultaneously subject to

2
irreversible chemisorption and to relatively slow kinetic non specific
sorption (i.e., tightly-bound sorption). A schematic diagram for hydra-

zinium reactions assumed in the model is given as follows:
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where C is the concentration of NZH; {mol l—l) in the mobile solution

phase, 8 is the volumetric fraction of bulk soil (cm3cm_3) occupied with
liquid, v is the average pore~water velocity (m s-l) of the soil solu-

tion, S1 is the concentration (mol kg-l) of hydrazinium in the

physically-sorbed or exchangeable form, 82 is the concentration (mol
kg_l) of hydrazinium non-specifically sorbed or in the tightly-bound
form, 83 is the concentration (mol kg-l) of hydrazinium in the chemi~

£ and kb

are forward and backward rate coefficients (s-l) for physical sorption,

sorbed form, ¢ is the dry bulk density (Mg m-3) of the soil, k

kff and kbb are forward and backward rate ccefficients for kinetic non-
specific sorption, and K is the rate coefficient for irreversible chemi-
sorption confined with biodegradation. For steady flow in a soil profile
with different horizons, the parameters 6, o, kf, kb’ kff, kbb’ and k
would vary with depth due to differences in properties of soil in differ-

ent horizons. For steady flow in the soil columns these parameters were

assumed to be constant for each soil horizon. The sum of Sl, 52 and S3
is designated as S the total concentration (mol kg—l) of sorbed NZH; for

a given location in the soil, Although S may change with time and depth,
it is important to remember that sorbed hydrazinium ions are essentially
immobile. The rate of chemisorption is assumed to be directly porpor-
tional to S, or the concentration of hydrazinium in the physically-sorbed

1

form but is also limited by SBm or the maximum concentration in the chem-

isorbed form
383/8t = +k[1—S3/S3m]Sl [6]

where t is time (s). Disappearance of N H; by the mechanism of microbial

degradation was experimentally shown to 1e a relatively small effect for
the short time durations for each of the soil column experiments and was
thus omitted from the model formulation. The parameter k was, thus
assumed to provide the rate coefficient for only chemisorption.

The model requires that two equations be solved numerically,

one for convective-dispersive transport

ac/3t = D 82C/3z% - vaC/dz + [0/8]k, 5, - k.C [7]
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and one for the net rate of sorption of NZH;

le/at = [8/P]k.C + kyp S, = [ + ko + k(l—S3/S3m)]Sl (8]

where D is the hydrodvnamic dispersion crefficient (mzs-l) and z is ver-
tical distance in a soil column of length L. Steady liquid flow (i.e., VY
is constant) was maintained at all times and dilute aqueous solutions
with concentration CO was applied either continuously (i.e., as a step-
function input) or as a wide pulse to the soil surface (z = o) using a

flux boundary condition
uco = VUC - D9C/9dz [9]

for t > O,

The boundary condition imposed at the bottom (z = L) of the column was
3c/3z = 0 [10]

for t > 0.
Initial conditions were such that values for C, Sl’ SZ’ and S3 were zero
in the soil prior to application of aqueous solutiomns of hydrazinium.

A Crank-Nicholson finite differencing technique (reference 59)
was used to numerically solve equations [7] and [8] subject to boundary
conditions [9] and [10]. The distan-e between nodes in space were kept
constant as 8z = 0.25 cm and time steps 8t were adjusted between 5 and

300 s in order to insure minimal cumulative mass balance errors in numer-

ical simulations for C(z,t).
2. Experimental Data Used in Simulations

Air-dry soil from Ap (topsoil), El (subsoil), and E2 (subsoil)
horizons of a profile of Arredondo fine sand were carefully hand-packed
into glass chromatographic columns with 30-cm length and 5.0-cm inside
diameter. The properties of the three horizons (Table 44) were such that

although the content of sand-sized particles exceeded 90 percent in each,
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the clav content of the topsoil was 1.5 times greater than that in the E2
subsoil horizon. The organic carbon content for the Ap topsoil was 13.1
times greater than that in the E2 subsoil horizon but the organic matter
content in the El subsoil horizon was only 2.4 times greater than in the
E2 horizon. Since clay minerals and organic matter are typically chemi-
cally reactive components of soils, one might expect sorption of NZH; to
be greater in the Ap horizon and least in the E2 horizon. For the same
reasons, N2H+ mobility should be greater in E2 soil material and least in
Ap soil. Miscible displacement of hydrazinium solutions through columns
H+

of these soils showed the mobility of N2 5

E2.

to be in the order Ap < El <

TABLE 44. PROPERTIES OF ARREDONDO FINE SAND FOR Ap, El, and E2 HORIZONS.

Depth Organic
in Clay Sile Sand Carbon
Horizon Profile Content Content Content Content
(cm) (percent) (percent) (percent) (percent)
Ap 0-20 2.6 7.3 90.1 1.84
El 20-80 1.7 4.9 93.4 0.34
E2 80-150 1.8 3.7 94.5 0.14

Acidic aqueous (pH 4.5) 0.0l N Ca Cl2 solution was used to wet

each soil column. The solution was pumped at a constant Darcy flow velo-

city (q = v8) for a period of 24 Lours to establish steady liquid flow

and to saturate soil exchange sites with Ca2+ ions. Oxygen was purged
from the solution using helium gas prior to application to the soil col-

umns., Two Darcy flow velocities q, 5 x 10—4 and 50 x 10_4 cm s_l, and
three concentrations, Co, in input solutions, 6.6 (low), 165 (medium),
and 660 (high) mg l—l, were used for the column experiments. Input or
influent CaCl2 solutions with specified Co were applied to columns by two

methods, continuously as a step-function and as a 2-pore volume pulse

followed by CaCl, solution without hydrazinium (C0=O). Effluent aliquots

2
from each column were chemically analyzed (reference 62) for NZH; until a
sufficient number of pore volumes of effluent had been collected so that

+
concentrations of NZHS were constant., BTC for hydrazinium (plots of C/CO
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versus the number of pore volumes p ) were then used to evaluate model
simulations. Parameters for columns used in model simulations are given

in Table 45.

TABLE 45. PARAMETERS FOR COLUMNS OF ARREDONDO FINE SAND THAT RECEIVED APPLICATIONS OF
HYDRAZINIUM SOLUTIONS.

D v
CO Dispersion Pore
Soil Column Input Application Coefficient Velocity
Horizon Number Concentration* Method b 2 _1 y 1

(10 cm s ) (10 cms )

Ap I Medium Pulse 2.694 49.6
2 Medium Pulse 1.556 3.9
3 Medium Continuous 2.694 46.3
4 Medium Continuous 1.556 5.1
5 High Pulse 2,694 46.3
6 High Pulse 1.556 4,2
7 High Continuous 2.694 55.6
8 High Continuous 1.556 5.8
El 1 Medium Pulse 2.694 53.4
2 Medium Pulse 1.556 5.3
3 Medium Continuous 2.694 60.4
4 Medium Continuous 1.556 5.8
5 High Pulse 2.694 51.4
6 High Pulse 1.556 5.6
7 High Continuous 2.694 53.4
8 High Continuous 1.556 5.8
E2 1 Medium Pulse 2.694 57.9
2 Medium Pulse 1.556 6.0
3 Medium Continuous 2,694 55.6
4 Medium Continuous 1.556 5.3
5 High Pulse 2.694 55.6
6 High Pulse 1.556 5.1
7 High Continuous 2.694 55.6
8 High Continuous 1.556 5.8

*Medium and high concentrations were approximately 165 and 660 mg l_l of hydrazinium,
respectively.
Optimized values of reaction rate coefficients for E! and E2 subsoil
horizons were obtained by calibrating, (i.e., best~fitting) the model to
BTC's corresponding to high pore water v=_ocity and medium concentration

of hydrazinium in the input solution. The calibration was performed by
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-using sensitivity analysis for selected model input parameters to obtain

optimum values for these parameters (Table 46).

3. Results and Discussion of Simulations

TABLE 46, OPTIMIZED VALUES FOR RATE COEFFICIENTS AND OTHER INPUT PARAMETERS USED IN MODEL
SIMULATIONS OF HYDRAZINIUM TRANSPORT IN COLUMNS OF El and E2 SUBSOIL MATERIALS.

Soil Darcy Reaction Rate Coefficients
Horizon Flux kf kb kff kbb k S3m
(cm s—l) - (S-l) (mmol kg-l)
El 50x10™%  9.5x107°  1.0x1072  3.0x10°%  1.2x107°  1.25x107°  1.738
El 5x107%  9.5x107%  1.0x107°  3.0x107°  1.2x107%  1.25x107% 1.738
E2 50x107%  6.00x107° 1.0x107%  3.0x10°%  1.2x1070  2.5x107°  0.816
E2 5x107%  6.00x107% 1.0x107°  3.0x107°  1.2x107%  2.5x107° 0.816

The optimized rate coefficient values obtained by calibration of
hydrazinium BTC for the case of high Darcy flow velocity and medium Co
for columns of El and E2 subsoil materials were divided by 10, the ratio
of high to low fluxes, to obtain estimates for the case of low Darcy flux
and medium CO in the input solution. This numerical adjustment of rate
coefficients for the low water flux was based on the assumption that
reaction rate coefficients were inversely porportional to residence times
for water molecules in the 30-cm long soil columns. The optimized rate
coefficients obtained in this manner indicated a relatively high mobility
for hydrazinium applied as solutions with medium Co to columns of the EIl
and E2 soils since the ratios for forward and backward rate coefficients
for relatively fast physical sorption kf/kb as well as for relatively
slow non specific sorption kff/kbb were less than unity. In addition the
magnitudes for the rate coefficients were assumed to be such that k_ >>

£
> . . . , :
kff and kb kbb indicating that physical sorption (i.e., ion exchange)
occurred at a faster rate than did non specific sorption. The rate
coefficients shown in Table 46 show that the consecutive sorption react-

ions that control the concentration of hvdrazinium in the mobile solution
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phase of the Arredondo soil operated in an overall kinetic mode with
reversible as well as irreversible behavior.

Values for the maximum concentrations, of chemisorbed hydrazi-

S s
nium which El and E2 soil materials can su?:ort (see Table 46) were
obtained by using hydrazinium BTC from soil columns which received con-

tinuous application of aqueous solution. The difference between the
quantities of hydrazinium added as influent solution and hydrazinium
eluted in column effluent was assumed to approximate the quantity of
hydrazinium irreversibly retained by the soil due to chemisorption. The
estimate of S3m for El soil was approximately twice that for the E2 soil.
Thus,S3m was roughly in proportion to the organic carbon content of the
soil. For each soil material S3m was assumed to be invariant with
respect to the pore water velocity. Using optimized rate coefficients
kf, kb’ kff, and kbb’ sensitivity analysis of the model for E2 soil col-

umns which received high flux applications of solutions with medium CO
revealed that doubling the magnitude of the rate coefficient k for irre-

versible chemisorption (Figure 55) tended to decrease the maximum hydra-
zinium concentrations C/C_ observed in column effluent. The value of k =
2,50 x 10_5 s_1 provided(;n optimum value for describing the BTC. Using
the optimum k value, sensitivity analysis of the model (Figure 55) for
the S o parameter gave an optimum value of 8.16 x 10-5 mol g-l. A ten-

3

fold larger value for S, resulted in overestimation of maximum C/Co val-

3m
ues for the BTC. The model adequately described the left-hand side of
the BTC but overestimated C/C0 for the right-hand side resulting in a

larger simulated recovery of N2H+ in the column effluent than actually

observed experimentally. °

Under conditions with no chemisorption sink (k = 0) and no non-
specific sorption (kff = kbb = 0) sensitivity analyses was performed for
the BTC for a column of E2 soil with high flux and medium Co in the
influent (Figure 56) using ratios of physical sorption rate coefficients
kf/kb of 0.3, 0.6, and 1.2. The optimum ratio was iﬁown to be 0.6 in
order to adequately simulate the breakthrough of NZH5 in the effluent.
The simulated BTC using the ratioc of 0.6 however provided much steeper
slope than experimentally observed. A ratio of 1.2 tended to overesti-

+ .
mate retardation of N_H transport and 0.3 underestimated retardation.

275
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Figure 55.
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Pore Volumes

Simulated and Experimental Hydrazinium BTC are Given for

Effluent from Columns of E2 Soil Under Conditions of High
Flow Velocity q and Medium Hydrazinium Concentration C_ for
Input Solutisn. In Sections A_sand_lB Simulated BTC'S are
Shown for BSVa£ es of 1.25 x 10 s (Dotteququfn Line),
2.50 x 10 S (Smcoth Lines), and 5.0xI10 s {Broken
Lines). 1In Sections C and D Simulated BTIC's are Presented
for S3 Values of 8.16 (Broken Lines), 0.816 (Smooth Lines)
and 078816 (Dotted Broken Lines) mmol kg ~. Discrete Data
Points are Given for Cases Where Hydrazinium Solutions Were
Applied Continuously (A and C) and as a Wide Pulse (B and D).

169




Using the optimum ratio kf/kb = 0.6, assuming nonspecific sorption to
occur, and assuming no chemisorption sink term (k = Q), further sensitiv-
ity analyses (Figure 56) was performed by using ratios of rate coeffic-
f/kbb of 0.125, 0.250, and 0.500 in the model. Increasing this

ratio was observed to decrease the slope of the BTC. The value of 0.250

ients kf

was chosen as the optimum ratio.

Calibrated BTC for E2 soil with medium Co and high v are shown in
Figure 56 for pulse and continuous applications of influent. Using ten-
fold smaller values for each of the 5 rate coefficients for E2 soil pro-
vided good simulations (Figure 56) for the low pore velocity u. Using
these optimized rate coefficients and parameters for E2 soil, hydrazinium
BTC were simulated for cases where high CO (Figure 57) and low CO (Figure
58) influent solutions were applied to the soil columns, For high CO
influent the simulated BTC gave reasonable estimation of general shapes;
however for pulse applications hydrazinium retardation was slightly over
estimated. For low Co influent the simulated BTC were totally unaccept-
able, In that case maximum values of C/Co were overestimated for pulse
and continuous applications of influent., Initial slopes of simulated BTC
were much steeper than experimental data indicating severe overestimation
of hydrazinum mobility, and hydrazinium breakthrough in column effluent
was greatly underestimated. Experimental BTC showed extensive irreversi-
ble removal of hydrazinium from the applied influent during flow through
the soil columns. Obviously solute mobility was much greater experiment-
ally than simulated when low C0 influent was applied to columns of E2
soil.

Calibrated BTC for El soil with medium Co and high v are shown in
(Figure 56) for pulse and continuous applications of influent. Simula-
tions provided good descriptions of experiments for continuous applica-
tion of influent (Figure 59) but overestimated the area under the BTC for
pulse application (Figure 59). For the case of low v, simulations over-
estimated maximum values for C/CO, underestimated retardation, and under-
5

estimated irreversible removal of N, H_ from solution. Results were basi-

2
cally the same when simulations were performed for high C0 influent (Fig-
ure 60). Simulated BTC for low Co influent (Figure 61) indicated rather

+
rapid transport of NZHS through the El soil but experimental results
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Figure 56.

Pore Volumes

Simulated and Experimental Hydrazinium BTC are Presented
for E2 Soil Columns with High q and Pulse Application of
Solution with Medium C_. In Section A, only Physical
Sorption is Considered fn the Model, and Simulated BTC's
are Given for k_/ Ratios of 0.3 (Broken Line), 0.6
(Smooth Line) ang 1.2 (Dotted Broken Line). In Section
B, Physical Non-Specific Sorption Reaction Mechanisms
are Included in the Model, and Simulated BTC's are Given
for kff/kgb Ratios of 0.125 (Broken Line), 0.250 (Smooth
Line), and 0.500 (Dotted Broken Line).
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Figure 57.

Pore Volumes

Experimental and Optimized Simulated Hydrazinium BTC for
Columns of E2 Soil that Received Input Solution with High C
(Using Optimized Reaction Parameters from Table 46) are Prel
sented for Continuous Input with High q (A) and Low q (C) as
Well for Pulse Input with High q (B) and Low q (D).
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Figure 58.
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Pore Volumes

Experimental and Optimized (Using Reaction Parameters from
Table 46) Simulated Hydrazinium BTC for Columns of E2 Soil
that Received Input Solutions with Low C_ are Presented for
Continuous Input with High q (A) and Low f (C) as Well as for
Pulse Input with High q (B) and Low q (D).
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Pore Volumes

Figure 59. Experimental and optimized (used reaction parameters from
Table 46) simulated hydrazinium BTC for columns of El soil
that received input solutions with medium C_ are presented
for continuous input with high q (A) and low q (C) as well
as for pulse input with high q (B) and low q (D).
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Figure 60.
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Pore Volumes

Experimental and Optimized (Used Reaction Parameters from
Table 46) Simulated Hydrazinium BTC for Columns of El Soil
that Received Input Solutions with High C are Presented for
Continuous Input with High q (A) and Low q (C) as Well as
for Pulse Input with High q (B) and Low q (D).
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Figure 61.

2 <] 4 B e o 1 2 k| 4 -] =]

Pore Volumes

Experimental and Optimized (Used Reaction Parameters from
Table 46) Simulated Hydrazinium BTC for Columns of El Soil
that Received Input Solutions with Low C_ are Presented for
Continuous Input with High q (A) and Low % (C) as Well as for
Pulse Input with High q (B) and Low q (D).
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indicated no recovery OfNZHS molecules in effluent from columns with
pulse and continuous influent application and two pore water velocities.
Thus, the model did not describe experimental data for the case where low

C0 influent was applied to El soil.
4, Conclusions

A convective-dispersive chemical transport model that includes
3 kinetic reactions between hydrazinium and soil components was developed
to describe the movement of hydrazinium applied in solution to columns of
water-saturated soil during steady liquid flow. Hydrazinium ions in the
solution phase of the soil were assumed to be subject to linear reversi-
ble sorption (i.e. cation exchange). Physically sorbed ions were assumed
to be equally susceptable to reversible nonspecific sorption (tightly-
bound sorption) and irreversible chemisorption. Input parameters
required for the model require a hydrodynamic dispersion coefficient D,
soil water content 8, Darcy liquid flow velocity q, forward and backward
rate coefficients, kf and kb’ for physical sorption, forward and backward

rate coefficients, k.. and kbb’ for nonspecific sorption, a rate coeffi-

cient k for chemisogzlion, and the maximum concentration S3m for chemi-
sorbed hydrazinijum that the soil matrix can support. Sensitivity analy-
sis and a calibration procedure of hydrazinium BTC were used to determine
the reaction parameters for El and E2 subsoil materials for Arredondo
fine sand. Calibration was performed by curve-fitting the model to BTC's
corresponding to high pore water velocity and medium concentration of
hydrazinium in applied influent for these 2 soils.

Kinetic or local nonequilibrium assumptions for the consecutive
physical and nonspecific sorption processes were observed to be essen-
tial for describing tailing and general shapes of hydrazinium BTC's.
Optimized values for rate coefficients for physical and non-specific
sorption processes were such that backward rate coefficients were greater
than forward rate coefficients, i.e. kb > kf and kbb > kff.

Incomplete recovery of applied hydrazinium in column effluent
was predicted using the irreversible chemisorption sink term in the model

when influent solution contained high concentrations of hydrazinium.
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When the influent solutions contained low or medium hydrazinium concen-
tracions, the chemisorption sink term underestimated irreversible removal
of chemical from the solution phase of the soil.

The specific model as given by Equations [7] and ([8] arose after
many attempts to alter relationships between dissolved, physically
sorbed, nonspecifically sorbed, and chemisorbed conceptual forms of NZH;
2H; in the soil

was observed to be very important in describing data from scil columns.

in the soil. The conceptual linkage of these forms of N

The mathematical transport model as given by equations {7] and [8]
was effective in describing the time of hydrazinium breakthrough, the
relatively steep slopes for the initial portion of BTC's, maximum concen-
trations in the effluent, and general shapes of hydrazinium BTC's for
columns of El and E2 subsoil materials when influent solutions contained
high concentrations. In contrast, hydrazinium BTC for columns that
received input solutions with low and medium concentrations exhibited
small slopes for the initial portion of BTC's and fractions of applied
hydrazinium not recovered in the effluent were disproportionately smaller
than for BTC's corresponding to high influent concentration. Thus the
model described the initial hydrazinium breakthrough in the column efflu-
ent when low and medium influent concentrations were used, but it failed
to describe the shape and maximum concentrations for hydrazinium BTC's

for those cases.

D. MATHEMATICAL MODEL FOR TWO-DIMENSIONAL TRANSPORT OF WATER AND SOLUTE
IN SOIL

1. Description of Model

A two-dimensional numerical model was developed to describe
transient solute and transient water transport in soil that receives
leakage of hydrazine fuel from a subsurface storage tank and discharges
groundwater through a drain located at some lateral distance L downstream
from a leaking storage tank. A rectangular flow region (Figure 62) of
depth z = D and lateral dimension x = L is considered. The soil surface

occurs at the upper boundary and an impervious clay layer forms the lower
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Boundary Condition I
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Boundary Condition III
Figure 62. Schematic Diagram of Two-Dimensional Cross-

Section of a Rectangular Area (with Unit
Thickness) of Soil Which Receives Seepage
Input of Leakage from a Storage Tank on the
Upstream Side (Represented by Boundary Condi-
tion IVB) and Discharges Groundwater Through a
Drain (Given by Boundary Condition IIB) on the
Dowvnstream Side. The Top Side Coincides with
the Soil Ssurface and is Subject to Periodic
Infiltration from Rainfall. An Impervious
Clay Layer is Assumed to be Located at a Depth
Z = D. The Horizontal Length of the Rectangu-
lar Flow Region is Given as L.
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boundary. The upper boundary is subject to infiltration of water from
periodic rainfall and/or infiltration of hydrazine fuel. Acid soil and
water conditions are assumed such that hydrazine occurs predominantly in
the ionic form NZH;. The model allows regions of water-saturation and
unsaturation to occur simultaneously in the soil flow region.
Two-dimensional transient water flow in isotropic, homogeneous

porous media is described by the continuity equation (Reference 48)
Yoh/dt = 9(K 9h/3x)/3x + 9(K dh/9dz)/8z - 3K/oz {11]

where h is so0il water pressure head (m of water), x is horizontal dis-
tance (m), z is vertical depth (m), t is time (s), K is hydraulic conduc-
tivity (m s-l) which tends to decrease as h becomes increasingly nega-
tive, and ¥ 1is the specific soil water capacitv. The parameter v 1is
defined as the slope of the soil-water characteristic curve y = 36/5h
where 8 is the volumetric water content (m3m-3) of the soil. The term on
the left-hand side of Equation [11] may also be expressed simply as
96/0ot. Equation [11] is simply a mathematical statement of conservation
of mass. Solution of the water equation requires that experimental data
be provided to establish relationships for €& = F(h) and K = G(h) where
F(h) and G(h) are functions of water pressure head over the range h < 0.
For h > 0 or conditions of water saturation, 8 and K parameters are
assumed to have constant values 60 and KO, respectively. For conditions
of water-saturation where h < 0, specific water capacity ¥ varies with h,
Ordinarily ¥ = 0 for conditions of water-unsaturation where h > 0 and
Equation [l1] becomes elliptic in form. The approximating assumption is
made here that ¢ = 10-4 cm_1 for the condition h > 0 so that Equation
[11] has a parabolic form for both saturated- and unsaturated-soil
conditions,

Boundary conditions for water flow in the rectangular region are

given as follows:

Designator Condition Location
i periodic water infiltration 0O<x<Land z =0 (12]
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at the upper soil surface with
application intensity ¢ with
units of cm3 cm_zs-l;
¢ = - K[(3h/3z-1)]
IIA no lateral flow; dh/8x = 0 x =L and O < z < 2z [13]
IIB h = 0 at a subsurface drain x =L and z, < z < z [14)
tube; discharge from the soil
to the drain occurs when
h > 0 in the surrounding soil
11IC no lateral flow; dh/ox = 0 x =L and z, < z <D [15]
III no vertical flow due to an O<x<Land z =D [16]
impervious layer along the
lower boundary; 9h/3z =1
IVA no lateral flow; 3h/ox = 0 x = 0 and Py < 2z < D [17]
IVB lateral seepage inflow with x = 0 and P; <z <p, [18]
flux A(t) having units of
<:m3cm-'2$—l from underground

storage tank; X = -K 3h/3x
1ve no lateral flow; dh/ox = 0 x =0 and 0 < z < P, [19]

The rectangular flow region is assumed to be of unit thickness (y = 1 cm)
in order to calculate volumes of soil and water. Initial conditions are
required to specify the pressure head h(x,z,t = 0) fcr all interznal ncdes
for the flow region. The location (or Cartesian coordinates) for the
water table (h = 0) provides the demarcation between zones of negative
pressure head (region of capillary fringe and water-unsaturation) above
and of positive pressure head (region of water-saturation) below.
Two-dimensional solute transport coupled with linear instantaneous
sorption during transient water flow in isotropic, homogeneous porous
media 1is described by the convective-dispersive transport equation

(Reference 43).

3(8C)/at + B(R-1)3C/3t = a[enxac/ax - q,Cl/ox +
B[GDZBC/BZ - qZC]/Bz [20]
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where C is the solute concentration (mmol cm-3) in the solution phase, DX
and DZ are horizontal and vertical components of the hydrodynamic dis-
persion coefficient (cm2 h_l), 9 is the horizontal component of Darcy
water flux (em h-l), q, is the vertical component of Darcy water flux (cm
h_l) R=1+m [O/e]KCm”1 is the solute retardation function, where K is
the solute distribution coefficient (cm3 g—l) from a Freundlich sorption
isotherm S = KC© for chemical equilibrium, m is a constant and S is the
solute concentration (mmol g-l) in the s0lid phase o0f the soil. The
horizontal and vertical components for the dispersion ccefficient are
assumed to be

D, =D +D q/8 and D =D +D

A [21]

where Do is the diffusion coefficient and D, is the dispersivity coeffi-

1
cient (reference 43).
Boundarv conditions for solute transport in the rectangular flow

region are specified as follows:

Designator Condition Location

I zero or imposed inflow 0 <x<Land z =0 [22]

solute flux at the upper

soil surface; J_ = q C or J
z z z

I1IA zero lateral solute flux; Jx = x =L and 0 < z < 2 [23]
11IB solute elution in discharge x = L and z, <z < z, [24]
water to a subsurface drain
tube; Jx = qu or 9C/dx =0
I1IC zero lateral solute flux; x = L and z, <z <D [25]
J =20
X
II1 zero vertical solute flux; 0O <x<Land z=0D {26]
J =o0
z
IVA zero lateral solute flux; x = 0 and Py <z <D [27]
J =o0
x
IV B finite inflow flux of solute x = 0 and P <z < Py [28]

with seepage from storage tank;

AC_ = 6D_ 9C/9x - q_C where C
) X X )
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is the hyvdrazinium concentra-
tion of influent

IVC zero lateral solute flux; Jx= 0o x=0and 0< 2z < P, [29]

Vertical and horizontal components for solute flux are given as

[ &
]

-8D, 3C/4z + q,C [30]

and

[
]

-8D_3C/dx + q C. (31]

Initial conditions are required to specify C(x,z,t=0) for all internal
nodes for the flow region.

The rectangular flow region of soil was divided into equally spaced
nodes such that Ax = Az. The water equation was first solved to give
h(x,z,t) and then the solute transport equation was solved to give
C(x,z,t). An Iterative Alternating Direction Implicit (IADI) method
(Reference 61) was used to solve Equation [1l1] for water pressure head
h(x,a,t) subject to conditions given by Equations [12] through [19]. Two
finite difference approximations were used alternatively, one which is
implicit in the x-direction to advance the calculations in time (n to

n+l) along rows in the spatial grid of nodes from iteration level m to

m+l.

m+l , n+l
i-1,5 U Fyl

ot e L 4P+ F, 4G
1,j 1 2 375

m+l | n+l
41,5 7 Fpl

. n -

=By, 51 U7 Fal

+h?  [-F, -F,-F,-F, +0G]

1,3 1 2 3 4
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By 541

n

)

n
i+1,] [FZ]

m+l ,n+l
+ By, 5-1 [F4l

o, n+l
+ i,j+1 [F4]

+ 28x (F3 - F)) [32]

4

}

where F. = KM | p - x0T p o ot et I wo2+j, and
b

1 i-4,37 "2 1+3,3° 3 1,53 "4 0 i, i+
Yy = 2(bx)°/bt and a second which is dimplicit in the z-direction to

advance the calculations in time (n to n+l) along columns in the spa-

tial grid of nodes from the iteration level m+l to mt+2,

m+2 hn+1 [- F

i,j-1 3]

m+2 , n+l
+ + +
hl,j ( F1 Fz F3 F4 + G]

m+2  n+l
i,3+1 [- F,]

= u" [F

n

+ h, .
i,j

[- F, - F, - F, = F, +G]

n
iy, [F)]

+ n" [F

i,j-1 3]

n

MLYIETS|

m+1 hn+1 (F

i-lyj 1]
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m+l | n+l
+ Py [,
+ 2% [Fy - F,). [33]

Subscript i refers to horizontal distance x, subscript j refers to ver-
tical distance z, and superscript n refers to time t. Equations [32] and
[33] provide a system of matrix equations which have a tridiagonal
coefficient matrix and,thuc can be solved using the Thomas (Reference 61)
algorithm. Equation [32] was first applied to all rows of spatial nodes
in the rectangular flow region and equation [33] was then applied to all
columns of spatial nodes. This two-step process advanced the solution
from the current time t = nit to a future time t = (n+l)At. Iteration
was then applied, and the two-step procedure was repeated sufficient
time. to give a convergent solution for h(x,z,t) in the rectangular flow
region. The iterative two-step procedure was then advanced to the next
time step.

Upon completion of the solution, values obtained for h(x,z,t) were

used to calculate horizontal and vertical components for Darcy water flux

-K[9h/dx] [34]

Ral
1

and

-K[(3h/9z) ~1], respectively. {35]

J£0
]

This information for 9y and q, was then used as input to the numerical
solution of equation [20] for solute transport.

After the water equation was solved, an IADI finite difference
method (Reference 61) was then used to solve equation {[20] for values of
C(x,z,t) in the rectangular flow region. Two finite difference approxi-
mations for equation [20] were used alternatively, onme which is implicit
in the x-direction to advance the computations in time (n to n+l) along

rows in the spatial grid from iteration level m to mt+l.

mt+1 Cn+1

11,3 174 — B

1)
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o+l n+l
+ - -
+ Ci,j [A1 + A2 A3 + A4 + Bl 32 + B3 BA + E]

o+l nt+l
+ Cig1,5 [- 83+ Byl
n
= Ci,5-1 (A3 * By
n
+C (- A=Ay =Ay=a -B +B, ~B +B, +E]
n
+ Ci,j+1 [ st B4]
n
+ i-1, [A1 + Bl]
n
i+1,5 (A = Byl
m n+1l
+ Ci, -1 [Ag * B3l
m n+1l
+ Ci,j+1 (4, - Bal (361
n+} n+} _ n+! _
where A = [8D ]1 3,5 = (6D ]l+§ 5 A3 = [GD ] -1 A =
[ep_1°*t - (ax/2)] 1“” , = Gx/2)q )7 s -
z' 1, J+§’ q 1,3 Ylits, i’ "2
(8x/2)[q ]“** B, = (8x/2)[q 1717 = (x/2)[q,1] ntd o nd E =
: x'i-%,3’ °3 T i,3+3°
n+t _n+}
85,5 Ri,5

and a second which is implicit in the z-direction to advance the compu-~
tations in time (n to n+l) along columns in the spatial grid from iter-

ation level m+l to mt2.

Ci,3-1 L= A3 = Bsl
mt+2 n+1
+ 1 [A + A2 + A3 + A4 + Bl - 32 + 33 - B4 + E]
mt+2 n+l

+ Ci,q41 [0 A4 1 B
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=Cip,y 8 T By
+c‘i"J (-4 -4, -Ay-a -B +B)-By+B +E]
1o, 14 = By
1,5-1 [43 + B3]
+ Cg,jﬁ-l (4, - B,
" C:tij (a) + 8]
o+1 Ci+1,j (4, - B,] [37]

+
n ?-1] = pK. Mass
i,j

balance errors were computed for simulations of both water movement and

+
It 1is important to note that by definition 6? J%[R
<

of solute transport.
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2. Results from Simulated Water and Solute Transport

The computer program for the two-dimensional model describing trans-
ient water flow and transient solute transport in soil was evaluated
using a simple case of transient solute transport during steady water
flow in the vertical direction. Water saturation was maintained within a
rectangular flow region (Figure 62) having left-hand and right-hand boun-
daries with no lateral water flow. Identical water flux values of inflow
and outflow were imposed at the upper and lower boundaries respectively.
Breakthrough curves (BTC) for the outflow water were simulated for the
case where the concentration of a conservative chemical solute in the
inflcw water was increased step-wise from zero to CO. A comparison
(results not presented here) between the simulated BTC and BTC obtained
using a well-known analytical mathematical model showed excellent agree-
ment indicating that the computer code was functioning properly for that
simple case of solute transport.

In order to demonstrate capabilities of the 2-dimensional model,
water flow and solute transport were simulated for the case of infiltra-
tion of an aqueous solution with concentration Co = 100 mole l-1 with an
application intensity ¢ = 2 cm h_1 over a 5~cm wide zone at the soil sur-
face (Figure 62). The solute applied was assumed to be conservative
(i.e. no sorption occurred) such that the retardation function R was
unity. Lakeland fine sand topsoil (Reference 63) with a bulk density of

1.65 Mg m_3, saturated water content of 0.352 m® m 3, and saturated

3 m s-1 was selected as the soil for

hydraulic conductivity of 3.43 x 107
the rectangular flow zone. The Van Genuchten (Reference 62) method was
used to provide smooth estimates of 6(h), Kh) and y(h) functions (Figure
63) for the Lakeland soil. Parameters a = 0.02031, n = 4.190, and
residual water content of 0.086 m® m 3 were used in the calculations.
The depth of the zone was 50 cm and width was 25 cm. Aqueous solution
was applied to the soil over the left-hand side of the upper boundary (0
< x< 5cmand z = 0 cm). The initial water suction head in the soil was
100 cm of water and solute was absent from the initial soil solution.
The node spacing used in the model was Ax = Az = 1 cm. Initially time

steps were At = 0.1 s and were gradually increased to a maximum of At =
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for Lakeland Fine Sand Topsoil. Smooth Curves Were Obtained
Used the Van Genuchten (reference 32) Method and Discrete
Points Represent Data from Dane et al (reference 63).
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100 s as the simulation progressed. Values for the diffusion coefficient

8 2 =1

Do and the dispersivity coefficient D, were 4.3 x 10 = cm° s and 1.0

cm, respectively, :

Two-dimensional distributions of water suction head h and solute
concentration C in the Lakeland fine sand are presented for 1000 s (Fig-
ure 64), 6000 s (Figure 65), 12000 s (Figure 66), and 18000 s (Figure 67)
after initiation of flux application of aqueous solution to a S5-cm wide
strip of the upper soil surface. As expected, the soil immediately
beneath the infiltration zone increased in water content (suction head
decreased) with increasing time. The infiltrated water resulted in a
wetting zone which progressed laterally and vertically downward through
the soil. Solute concentrations in the soil solution also moved as a
2-dimensional front with similar shape to that of the advancing water
front. The water front was observed to be influenced by gravity since as
time progressed the rate of vertical advance of the front exceeded the
rate of lateral advance. The solute front was observed to lag slightly
behind the water front due to the presence of some initial soil water
(0.115 m3 m—a) that did not contain solute. If the soil had been oven-
dry (i.e. no soil water) initially, the solute and water fronts would
have been expected to progress with similar rates in time.

Cumulative mass balance errors for this simulation were well within
acceptable limits, being less for water flow than for solute transport.
For water flow, errors were + 0.01, -0.17, -0.47, and ~-0.68 percent for
1000, 6000, 12000, and 18000 s, respectively. Errors for solute trans-
port were + 0,12, -1.19, - 1.79, and -2.07 percent for 1000, 6000, 12000,
and 18000s, respectively. These relatively low mass balance errors imply
that the program was functioning properly. However, validation of the

model using experimental data was beyond the scope of this project.
3. Conclusions

A finite difference technique was used to develop a two-dimensional
solute transport model for conditions of transient water flow in soil,.

Tentative evaluation of the model indicates that the program provides

expected results for the simple case of a conservative solute (such as
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Figure 64. §imulated Distributions of Soil Water Suction Head (h) and

Concentration (C) of a Conservative Solute After 1000s Infil-
tration of a Salt Solution at the Upper Left-Hand Soil Surface.
Numbers 9, 8, 7, 6, and 5 for impressive heads indicate 100 to
90, 90 to 80, 80 to 70, 70 to 60, and 60 to 50 cm of water,
respectively. Numbers 0, 2, 4, 6, and 8 for iso-concentrations
designéie 0 to 20, 20 to 40, 40 to 60, 60, 80, and 80 to 100
mole 1 ~, respectively.
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Figure 65.Simulated Distributions of Suction Head and Solute Concentra-
tion After 6000s Infiltration of a Salt Solutiom.
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Figure 66. Simulated Distributions of Suction Head and Solute Concentra-
tion After 12000s Infiltration of a Salt Solution.
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Simulated Distributions of Suction Head and Solute Concentra-
tion After 18000s Infiltration of a Salt Solution.
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tritiated water tracer). For conditions of chemical equilibrium, the
model can be used to simulate the transport of a nonconservative solute
(such as hydrazinium) by assuming that a Freundlich isotherm can be used
to describe the net influence of all chemical reactions that control sol-
ute concentration in the soil solution. Although in the present form of
the model reaction kinetics have been omitted, the program could be modi-

fied to accommodate non instantaneous chemical reactions.
E. RECOMMENDATIONS FOR FUTURE RESEARCH

Ongoing research by doctoral graduate student Wayne Downs is under-
way to provide independent determination of values of rate cocfficients
and other pertinent reaction parameters that control the kinetic transfer
of hydrazinium ions between solution and solids phases of soil from Ap,
El and E2 horizons of Arredondo fine sand, Further understanding of the
role of cation exchange upon the sorption-descrption of hydrazinium in
soil is needed. Investigations using stirred slurries of soil in aqueous
solution as well as flow through soil columns are needed to determine
overall sorption kinetics. This information is needed to provide further
evaluation of the mathematical model as well as improved understanding of
the mobility of hydrazinium applied to this soil.

Column experiments in this project involved water-saturation of the
soil in order to simplify conditions that might occur under a field site.
This simplification was needed in order to facilitate the investigation
of the importance of chemical and physical reactions upon hydrazinium
transport 1in soil. Water-saturation of the soil profile generally
assumes a shallow water table and poor lateral drainage to a stream or
lake. In terms of transport of a reactive chemical, water-saturation of
the soil profile represents a worst-case scenario with respect to poten-
tial groundwater contamination. A second stage of research is needed to
investigate the fate and transport of NZH; and N2H4 applied to water-
unsaturated soil under conditions of intermittent rainfall. Such condi-
tions are common in soil profiles with relatively deep water tables.
Transport of chemicals through unsaturated soil generally is a slower

process with longer residence times and more effective contact with
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reactive soil components than flow through saturated soil. Generally
speaking reactive chemicals such as pesticides, orthophosphate, and
organic wastes tend to interact more completely with soil components and
thus be less mobile under conditions cof aerobic, water-saturation of the
soil. Laboratory soil columns, large lysimeters, and small field sites
should be used to evaluate the fate and transport of hydrazine during
transient water flow through water-unsaturated soil. Field site data is
particularly needed to provide fate and transport information in a nat-
ural setting. Two-dimensional data from carefully-selected field exper-
iments are needed to evaluate the unvalidated 2-D transport model repor-
ted in this report. More detailed submodels for microbial degradation
and chemical-physical reactions should be evaluated first under non flow
coenditions in batch reactors of stirred soil suspensions under water
saturation conditions. Selected submodels should then be coupled to a
one-dimensional convective-dispersive transport model in order to better
describe water and hydrazine movement in both water-saturated and water-
unsaturated soil.

Further research is needed to provide a data base of hydrazine mobi-
lity under flow conditions in columns for a wide range of soils with var-
ving proportions of reactive components such as sesquioxides, clay mine-
rals, and organic matter. The dependence of hydrazinium mobility and
reactions in soil upon solution pH, temperature, ionic composition of the
soil solution and soil aeration should be determined for a wide range of

soils and water flux conditions in scil columns.
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Effluent pH and Hydrazinium Concentration from
Columns of Ap Soil that Received Pulse Applica-
tion of Influent with A. Low, B._ edium, and C.
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Pore Volumes

Effluent pH and Hydrazinium Concentration from
Columns of Ap Soil that Received Continuous
Application of Influent with A. Low, B._%edium,
and C. High Co' Liquid Flux was 5 cm h .
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Pore Volumes

Effluent pH and Ca2+ Concentration from Columns
of Ap Soil that Received Pulse Application of
Influent with A. Low, B. gidium, and C. High
Co' Liquid Flux was 5 cm h ~.
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Pore Volumes

Effluent pH and Hydrazinium Concentration from
Columns of Ap Soil that Received Pulse Applica-
tion of Influent with A. Low, B._%edium. and C.
High Co' Liquid Flux was 5 cm h .
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Figure 76. Effluent pH and Ca2+ Concentration from Columns

of El Soil that Received Continuous Application
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Figure 77. Effluent pH and Hydrazinium Concentration from
Columns of El Soil that Received Continuous
Application of Influent with A. Low, B. Me?lum,
and C. High C . Liquid Flux was 0.5 cm h
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APPENDIX B
COMPUTER CODE FOR ONE-DIMENSIONAL MCDEL

Computer Code for One-Dimensional Model

-

Progratr f{or preparation of parameter files for the hydrazine simulation program:

SETHYDRA Variable Diccionary

AmBnpH = ambient pH

AutoXB = Boolean indicating whether auto-oxlidation i{s to occur
Base?H = base pH (used with ambient pH in hydrolysis calculations)
8ulxin = bulk density {(gm/cc)

Zslumn = column length (cm)

concentration of dissolved N2H4, dissolved & sorbed N2HS+, dissclved & sorbed Ca++, and
dissolved oxygen. Dissolved values are in mew/cc and sorbed values in meq/gm. There can
be up to MAXSET sets of values, each corresponding to a boundary condition in the cclumn

Ceonc {MaxSet, 6)

Depth (Maxsez) = the depth at which each of the boundary condition sets appiies

Disper = dispersion coefficlent (cm2/sec)

DtMax = maximum value that Dt (the time step) will be allowed to assume (sec)

JtStep = the increment (fractiocnal) that Dt will be increased from Dtmin to DtMax

Dx = the increment between nodes (cm)

EffZer = effective zero exponent (typically -30 --> 1.0E-30)

Feedbk = boolean indicating feedback for debugging purposes

FlConc(MaxSet,4) = the concentration of N2H4,N2HS+,Ca++ and 02 in the input flux for MAXSET possible flux changes

FluxAm(MaxSet) zhe flux (cm/sec) imposed on the column at any given flux change

FluxTm(MaxSet} = when the flux change occurs (secs}

Tprint = filename used to receive the simulation report

HydroB = boolean indicating whether hydrolysis is to occur

Icheck = the number of iterations of the simulation between checks on the abort function

IonExB = boolean indicating whether hydrolysis is to occur

IrrevB = boolean indlicating whether irreversible sorption is to occur

Itrlim = iterative limit - the number of trys to generate a convergent solution

Kinetc(2) = boolean indicating whether a kinetic approach for N2H4 and N2HS5+ reversible sorption is to be used

MaxSet= 5 = maximum number of boundary condition sets and flux changes alliowed

MicroB = boolean indicating whether microbial degradation is to occur

Nflux = the number of flux changes

Nreps = the number of reports requested .

Nspecs = the number of boundary condition sets nreeded

RautoX(Z, 3} = the rate coefficlents for auto-oxidation

Rdgrad(2, 4) = the rate coefficlents for microbial degradation

RepTim(MaxSet) = the times at which reports are to be generated

RevspB = boolean indicating whether reversible sorption is to occur

Rlabel = the overall run label (80 characters)

Rsorb (2, 8) = the reversible sorption coefficlents for (N2H4 & N2HS+) by (kf,kb,N,kff,xob,kp,kqg). The
last coefficient (.,8) is the irreversible lst order degradation coefficient

Scale{4) = divisors for the four species by which the breakthrough curve values are scaled respectively

SelH2C = selectivity coefficient between calcium and N2HS5+

Sponge = maximum permanent binding capacity at each node (megq N2H5-/gm)

Theta$ = saturated water content

Tlimit = tolerance level (%) at which the difference between successive approximations is considered
to be acceptable

TmStop = time at wnich simulation is to be terminated (sec)

SETHYDRA Common Block

C Common blocks for SetHyd = Sethydra.CMB

Parameter (MaxSet=5)

Common/Info/AutoXB, AmBnpH, BasePH,BulkDn,Column, Conc {MaxSet, 6),
Depth (Maxset),Disper,DtStep,DtMax,Dx,EffZer,Feedbk,
FlConc (MaxSet, 4),FluxAm (MaxSet),FluxTm (MaxSet), .
HydroB, Icheck, IcnExB, IrrevB, ItrLim,Kinetc {2),MicroB,
Nflux,Nreps,Nspecs,RautoX{2,3),Rdgrad(2,4),
RepTim (MaxSet),RevspB,Rsorb(2,8),Scale (4}, SelH2C,
Thetas, TLimit, TmStop, Sponge

Common/ChrBlk/Rlabel, Fprint

Character Rlabel "80,Fprint+50

Loglical AutoXB,Feedbk,HydroB, IonExB, IrrevB, Kinetc,MicroB, RevspB

LN A Y

SETHYDRA Program Code

PRCGRAM SetHyd

Dr. Stephen A. Bloom - for Dr. Robert Mansell, Soil Science 04/25/86
program last modifled -~ February 28,1988

anao

INCLUDE ’SetHydra.CMB’

Dimension Cption(l3)

Logical Abort,AskQus, SetGen,StSoil

Characzer NumStr*2,0ption*80

Integer CHoice

Data LenOpt/63/,Nitenms/13/,0ption/

& '<0> Terminate program’,’ ',

& ‘<l> Set general simulation parameters (L,Dx,Dt...)’,
'<2> Set the soil characteristics’,
'<3> Set the boundary conditions (xx currently set)’,
'<4> Set the imposed flux & concentration conditions (xx set}’,
'<5> Specify when reports are to be generated {(xx set)’,
‘<6> Alter miscellaneous default parameters’,

e




10

" e

<> Record simulation parameters’,
‘<3> Rese: for entering another parameter set’,
'<9> Read a parameter :file into memory’

P .

Still neeas to be set cefore saving parameters’/
Cal. Page(’Hydrazin(e) (ium) Transport for Columns Preparation’
SetGen = .false.

StSoil = .false.

Nspecs = 0

Nreps = 0

Nflux = 0

Call Setlp

20 Call In2Chr(Nspecs,NumStr

¢

Jo 30 I = 3,7

Option(I) (4:4)
{.Not.S5etGen)
{.not.StSoil)

Option(3)(4:4)
Option(4})(4:4)
(Nspecs.LE.C) Option(S5)(4:4)
{Nflux.LZ.0) Cption(6) (4:4)
(Nreps.LE. D) Option{?) (4:4)
Optioni(5) {35:36) = NumStr
Call In2Chr (Nflux,NumStr)
Option(6) (S5:56) = NumStr
Call In2Chr (Nreps,NumStr)
Cption(7) (48:49) = NumStr
Choice = MenChe (LenOpt,Nitems,Option,
If (CHoice.LE.0) THEN
If {(.Not.AskQus{'Do
Goto 20
ELSE IF (Cholce.EQ.1)
Call RunPrm(SetGen)
ELSE IF (Choice.EQ.2)
Call Soilvl(stSoil)
ELSE IF (Cholce.EQ.3) THEN
If (.Not.SetGen) THEN
Call #Warnin(’Please set
.true.,12)

£ -t a
= e
= tur

-t

Y

.true.)
you wish to terminate?’,.true.,12)
THEN

THEN

the general conditions first’,

ELSE
Call
DIF
IF (Choice.£Q.4) THEN
(.Not.SetGen) THEN
Call Warnin(’Please set
.true.,12)

8ounds

the general conditions first’,

ELSE
Call Fluxes
ENCIF
ELSE IF (Cholice.EQ.5) THEN
1€ (.Not.SetGen} THEN
Call Warnin('Please set
.true.,12)

the general conditions filrst’,
ELSE
Call Report
ENDIF
ELSE IF (Choice.EC.6) THEN
Call StnSet
ELSE IF (Cholice.EQ.7) THEN
If (SetGen.AND.StSoil.AND.
Nflux.GT.0) THEN
Call Porevl
Call Record
ELSE
IF

Nreps.GT.0.AND.Nspecs.GT.Q.AND.

{.not.SetGen) THEN
Call Warnin(’You must set the general parameters before '
//' saving the parameters’,.true.,12)
ELSE If (.Not.StSoil) THEN
Call Wamin(’You must set the scil parameters before
//*saving the parameters’, .true.,bl2)
ELSE If (Nspecs.LE.0) THEN
Call Wamin(’You must enter at least 1 boundary condit’
//'ion set before saving the parameters’,.true.,12
ELSE If (Nreps.LE.O0) THEN
Call Warnin{’You must enter at least 1 report’
//'ctime before saving the parameters’,.true.,l2)
ELSE If (Nflux.LE.O) THEN
Call Warmnin{‘’You must enter at least 1 flux conditc’
//'ion set before saving the parameters’, .true.,12
ENDIF
ENDIF
ELSE IF (Choice.
Goto 10
ELSE If {(Cholce.
If (SetGen.Or.StSoil.OR.Nspecs.GT.0.OR.Nflux.GT.0.0R.
Nreps.GT.0) THEN
Call Notice(’'Accessing a parameter will destroy the '
//'information currently in memory.’,.true.,10)
{.not .AskQus (' Continue anyway?’,.false.,12)) Goto 20

EQ.8) THEN

£G.9) THEN

If
ENDIF
SetGen ~ .true.
StSoil = ,true.
Call GetPar
ENDIF
If (Choice.NE.O)
END
Subroutine SetUp

Goto 20
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{indicate that the general and soil parametersi}
{are not yet set and set the counters to zero}

{initialize the variables}

{convert the counters

to string variables}

{flag the cptions if they need set}

{display the menu and

get the users choice}

fconfirm termination before terminationi

{set the general run parameters}

{set the soii values}

{set the boundary conditions!

{set the fiux changesj

{specify when reports

{set standard default

{suggest a conversion
{record the parameter

are to be generated}

run parameters)

to pore volumes}
seti

{but warn if the parameter set (s incomplete}

{reset the program to

{read a pre-existing parameter

a start-up conditicnj

€1
£i

let




C this routine sets and displays the standard simulation settings

C

aano

INCLUDE 'SetHydra.CMB'
Feedbk = .false.
Icheck = S

TLimit = 0.5

Itrlim = 20

DtStep = 0.05

Effler = -30

IonExB = .true.
RevspB = .true.
Irrevd = .true.
MicroB = .true.
AutoXB = .true.
HydroB = .true.
SelH2C = 1.0

DO 10 I = 1,2
Kinetc(I) = .true.
DO S J=1,4

Rsord(I,J) = 1.0
Rsorb{(I,4+J) = 1.0
Rdgrad(I,J) = 1.0
Do 10 J = 1,3
RautoX(I,J) = 1.0

Do 151 = 1,4
Scale(I} = 1.0

Baseph = 7.8

AmbnPh = 7.8

Sponge = 0.0

Return

END

Subroutine RunPrm{BinSet)

thi

s routine sets and displays the general simulation settings

1

10

is

INCLUDE ’SetHydra.CMB'
Dimension Cuery (9),Answer(9),String(9)
Character Query+*80,String*8¢
Real Lo2Rel
Logical Rel2Lo,BinSet,BadVal
Data Nitems/9/,lenQry/50/,Query/
& '0500CC ---General Simulation Parameters---',
& ‘0701LD Modify/Examine specific Source/Sink settings’,
& '09025? File to receive results’,
& '1103s? Title for run’',
& '1404R? Column length {cm)‘,
& *1505R? Time to terminate simulation (sec)’,
& '1606R? Dx (distance between nodes) (cm)’,
& '1707R? Maximum Dt (time step) {(sec)’,
& ‘1908LD Set BTC scale factors’/
& Answer/2*0.0,15.0,80.0,50.0/
Answer(2) = Lo2Rel(.false.)
Answer(9) = Lo2Rel(.false.)
If (.not.BinSet) THEN

Do 10 I = 3,8

Query (1) (6:6) = *?2'

BinSet = .true.
ELSE

Do 15 I =2,8

Query (I} (6:6) = 'D’
String(3) = Fprint
String(4) = Rlabel

Answer(S) = Column

Answer(6) = TmStop

Answer(7) = Dx

Answer{8) = DtMax
ENDIF

Badval = .false.
Call Menfil (LenQry,Nitems,Query,Answer,String, .true.)
Fprint = String(3)
Rlabel = String(4)
Call Strlen({Rlabel, Length)
1f (Length.LE.O0) Rlabel = ’'Title not set’
Column = Answer (5}
If (Column.LE.0.0) THEN
Call Warnin(’Column must be > 0.0 cm long’,.true.,12}
Query (5) (6:6) = *?2'
Badval = .true.
ENDIF
TmStop = Answaer (6)
If (TmStop.LE.0.0) THEN
Call Warnin(‘Time to stop must be > 0.0 sec’,.true.,12
Query (6) (6:6) = ’?2*
BadVal = .true.
ENDIF
Dx = Answer(?)
If (Dx.lLE.0.0) THEN
Call Warnin('Depth increment must be > 0.0 cm’,.true.,12)
Query(7) (6:6) = *?2*
BadVal = .true.
ENDIF
DtMax = Answer(8)
If (DtMax.LE.C.0) THEN
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Call Warnin(’Dt must be > .0 sec’,.true.,12)
Query (8) (6:6) = 72’
Badval = .true.

ENDIF

If (Rel2lo(Answer(9))) Call Scalef

1f (Rel2Lo(Answer(2))) Call Sinks

If (BadVal.CR.Rel2Lo(Answer(2))) Goto 1

Return

END

Subroutine ScaleF

c
C this routine sets the BTC scale factors

C
INCLUDE ’SetHydra.(lMB'
Dimension Query(6),Answer(6),String(é
Character Query+80,String*80
Real Lo2Rel
Logical Rel2lLo,BadVal
Data Nitems/6/,LenQry/60/,Query/
& '0500CC ---BTC Scale Factors---',
§ '0600CC (BTC values = Absclute concentration/scale factor}’,
& '1001RD Scale Factor for ---{Hydrazine (N2H4) }=--=',
& '1102RD Scale Factor for --—{Hydrazinium (N2HS+)}=-=='
& "1203RD Scale Factor for ---{Calcium (Ca++) }==='
& '1304RD Scale Factor for ---{Oxygen {02) jm==r
1 Do 101 =23,6
10 Answer(I) = Scale(I-2)
Badval = .false.
Call MenFil (LenQry,Nitems,Query,Answer,String, .true.}
DO 20 I = 3,6
Scale(I-2) = Answer (I}
20 If (Scale(I-3).LE.0.0) Badval = .true.
If (BadVal) Call Warnin{
‘Scale factors must be greater than zero',.true.,l2}
1f (BadVal) Goto 1
Return
END
Subroutine $oilVl (BinSet)

.
/

this routine sets and displays the soil characteristlcs

o000

INCLUDE 'SetHydra.CMB'

Dimension Query(5),Answer(5),String(5)

Character Query*80,String*80

Logical Badval,AskQus,BinSet

Data Nitems/5/,LenQry/60/,Query/

& '0S00CC ---Characteristics of the soil to be modeled---'
& *0901R? Bulk density of the soil (gm/cc}’,

& '1102R? Dispersion (cm2/sec)’,

& ‘1303R? Saturated Water Content {cm3/cm3)’,

& ‘1504RD Hydrazinium permanent binding capacity (meg/gm)’/
1 Answer{5) = Sponge

If (.Not.BinSet) THEN

Do 10 I = 1,Nitems-1

10 If (Query(I)(5:5).NE.’C’) Query(I)(6:6) = ?2¢
BinSet = .true.
ELSE
Do 151 = 1,Nitems
i5 If (Query(I)(5:5).NE.’'C') Query(I) (6:6) = 'D’

Answer(2) = BulkDn
Answer(3) = Disper
Answer(4) = Thetas

ENDIF

BadVal = .false.

Call MenFil (LenQry,Nitems,Query,Answer,String, .true.)

BulkDn = Answer (2)

If (BulkDn.LE.l.0.OR.BulkDn.GE.4.0) THEN
Call Warnin(’Bulk density must be > 1.0 & < 4.0, .true.,12)
BadVal = .true.
Query (2) {6:6) = '?2’

ENDIF

Disper = Answer (3)

If (Disper.LE.0.0) THEN
Call Warnin(‘Dispersion must be greater than 0’,.true.,12)
Query(3) (6:6) = ’?2'
BadvVal = .true.

ENDIF

ThetaS = Answer (4)

If (ThetaS.LE.0.0} THEN
Call Warnin(’Water Content must be greater than 0’,.true.,12)
Query(4) (6:6) = *?2’
BadvVal = .true.

ENDIF

Sponge = ANswer (5)

If (Sponge.LT.0.0) THEN
Call Warnin(’Hydrazinium binding capacity cannot be negative’,

& .true.,12)
Query(5) (6:6) = *?2'
BadVal = .true.

ENDIF

If (Badval) Goto 1

Return

END

Subroutine Bounds
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OO

this routine sets and displays the boundary conditions

INCLUCE ‘SetHydra.CMB'

Jimension Query (9),Answer(9),String(9)
Character Query*80,String=80, Numstr*2
Logical Badval,AskQus

Data Nitems/9/, LenQry/€0/,Query/

&’ 0500CC ~=-~Description of the boundary (inizial) conditions---',
&°0701R? Depth in column at which conditions apply’,

&

1000CC ---Concentrations of Active Species---',

&’1203R? Concentration of hydrazine in solution (meqg/cc)’,
&' 1304R? Concentration of hydrazinium in solution (meg/cc)’,
&‘1405R? Concentration of sorbed hydrazinium (meq/q9)’,

4’ 1506R? Concentration of Calcium in solution (megq/cc)’,

&' 1607R? Concentration of sorbed Calcium (meq/g}’,

3\

*1708R? Concentration of oxygen in solution (meq/cc}’/
If (Nspecs.Gt.0) THEN
If (AskQus('Do you wish to review a set of previously entered’

§ //' conditions? (Y/N):N'//char(8),.true.,12)) THEN

Call In2Chr(Nspecs,NumStr
Call Notice{(’\Please enter which set is needed (1 to ‘//

& NumStr//'):',.false.,14)

S

&

10

20

Read(*,",Err=1} Ispec
If (Ispec.LT.l.OR.Ispec.GT.Nspecs) Goto 1
ELSE
Ispec = Nspecs + 1
ENDIF
ELSE
Ispec = 1
ENDIF
BadvVal = .false.
If {(ispec.GT.MaxSet) THEN
Call Warnin(’Maximum number of sets now in memory. No more '
//'can be added.’,.true.,12)
ELSE
If {Ispec.GT.Nspecs) THEN
Do 10 I = 1,Nitems
If (Query(I)(5:5).NE."C') Query(l) (6:6) = *2*
ELSE
Do 15 I = ],Nitems
If (Query(I) (5:5).NE.'C’) Query(I)(6:6) = ‘D'
Answer (2) = Depth{lIspec)
Do 16 I = 1,6
Answer(3+[} = Conc{Ispec,I)
ENDIF
Call MenFil (LenQry,Nitems,Query,Answer,String,.true.)
Depth(Ispec) = Answer(2)
1f (Depthiispec).LT.0.0R.Depth{Ispec).GT.Column) THEN
Call Warnin(’Depth must be > 0 & less than column’,.true.,12
Query (2) (6:6) = *2*
Badval = .true.
ENDIF
Do 201 = 1,6
Conc{lspec,l) = Answer(3+I)
If (Conc(Ispec,I).LT.0.0) THEN
Call Warnin(’Concentrations must be >= 0.0’,.true., 12}
Query (3+1)(6:6) = ¢2
Badval = .true.
ENDIF
Continue
If (BadVal) Goto 5
If (Ispec.Gt.Nspecs) Nspecs = Nspecs + 1
ENDIF
Return
END
Subroutine Fluxes

c

C this routine sets and displays the input flux settings

[of

AN nen

1

&

INCLUDE ’SetHydra.CMB'
Dimension Query(7),Answer(7),String(7)
Character Query*80,String*80, NumsStr*2
Real Lo2Rel
Logical Rel2Lo,Badval,AskQus
Data Nitems/7/,LenQry/60/,Query/
‘0500CC ---~Description of material entering the column=--’,
‘0701R? Time of the flux change’,
r1202R? Imposed Flux (cm/hr) into column’,
*1503R? Concentration of hydrazine entering (meg/ccl)’,
1604R? Concentratlion of hydrazinium entering (meq/ccl’,
*1705R? Concentration of Calcium entering (meqg/cc)’,
'1806R? Concentration of oxygen entering (meq/cc)’/
If (Nflux.Gt.0) THEN
If (AskQus{(’'Do you wish to review a set of previously entered’
//° conditions? (Y/N):N’//char(8),.true,,12)) THEN
Call In2Chr{Nflux,NumStr}
Call Notice(’\Please enter which set is needed (1l to ’'//
NumStr//’'):’,.false.,14)
Read(*,*,Err=1) lspec
If (Ispec.LT.1.0R.Ispec.GT.Nflux) Goto 1
ELSE
Ispec = Nfiux + 1
ENDIF
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ELSE
Ispec = 1
ENDIF
3adVal = .false.
If (Ispec.GT.MaxSet) THEN
Call Warnin(‘’Maximum number of sets now in memory. No more °
& //'can be added.’,.true.,12)
ELSE
If (Ispec.GT.Nflux) THEN
Do 10 I = ),Nitens
10 If (Query (1) (5:5).EQ.'R") Query(I) (6:6) = *2¢
If (Ispec.GT.1) THEN
Query (3) (6:6) = ‘D’
Answer(3) = FluxAm(l)
ENDIF
ELSE
Do 15 1 = 1,10
1% If (Query(l) (5:5).EQ.'R'} Query(I)(6:6) = *p’
Answer (2) = FluxTm(Ispec)
Answer (3) = FluxAm(Ispec)
Do 201 = 1,4
2¢ Answer(3+I) = FlConc(Ispec,I)

ENDIF

Call MenFil (LenQry, Nitems,Query,Answer, String,.true.)

FluxTm{Ispec) = Answer{2)

If (FluxTm{Ispec).LT.0.0.0R.FLuxTm{Ispec).Gt.TmStop} THEN
Call Warnin('Flux times must be > 0 & less than the

& //‘temination time’,.true.,12)
Query (2) (6:6) = '?*
BadVal = .true.

ENDIF

FluxAm(Ispec) = Answer(3)

If (FluxAm(Ispec).LT.0.0) THEN
Call Warnin(’'Flux values must be >= 0.0’,.true.,12)
Query(3) (6:6) = ’2/

Badval = .true.

ELSE If (Ispec.GT.l.AND.FluxAm{Ispec).NE.FluxAm(l}) THEN
Call Warnin(’All flux values must be the same’,.true.,12)
Query{(3) (6:6) = 72’

Badval = .true.

ENDIF

Do 25 I = 1,4
FlCone (Ispec,I) = Answer{3+I)

I1f {FlConc{Ispec,I).LT.0.0) THEN
Call Warnin(‘Concentration must be >= 0,0’, .true.,12)
Query (3+1) (6:6) = <2/
BadVal = .true.
ENDIF
25 Continue
I1f (Badval) Goto 5
If (Ispec.GT.Nflux) Nflux = Nflux + 1

w

ENDIF

Return

END

Subroutine Report
[of
C this routine sets and displays the report times
[«

INCLUDE ’SetHydra.CMB’
Dimension Query(2),Answer(2),String(2)
Character Query*80,String+*80, NumStre2
Logical Badval,AskQus
Data Nitems/2/,LenQry/60/,Query/
& '0500CC ~--sSpecification of when reports are to be generated’,
& ‘1201R? Time (sec) of desired report’/
1 If (Nreps.Gt.0) THEN
If (AskQus (‘Do you wish to review a previously entered’
& //' time? (Y/N):N’//char(8),.true.,12}) THEN
Call In2Chr (Nreps,NumStr
Call Notice(’\Please enter which time {s needed (1 to '//
& NumStr//’):*, .false.,14)
Read(*,*, Err=1) Ispec
If (Ispec.LT.1.OR.Ispec.GT.Nreps) Goto 1
ELSE
Ispec = Nreps + 1
ENDIF
ELSE
Ispec = 1
ENDIF
5 BadVal = .false.
If (Ispec.GT.MaxSet) THEN
Call Warnin(‘Maximum number of times now in memory. No more
& //‘can be added.’, .true.,12}
ELSE
If {Ispec.GT.Nreps) THEN
Do 101 = 1,2

10 If (Query (I} (5:5),.NE.'C’') Query(I)(6:6) = ’?2’
ELSE
Col5 T =~ 1,2
15 If {Query(I)(5:5).NE.‘C’) Query(I)(6:6) = ‘D’
Answer (2} = RepTim(Ispec)
ENDIF

Call MenFil (LenQry,Nitems,Query,Answer,String,.true.)
RepTim(lspec) = Answer(2)




If (RepTim(Ispec).LT.0.Q0.0R.RepTim(Ispec).Gt.TmStop) THEN
Call Warnin(‘report times must be > 0 & less than the '
& //'termination time’,.true.,12)
Query (2} (6:6) = ‘?2'
Badval = .true.
ENDIF
I1f (Badval) Goto 5
If (Ispec.GT.Nreps) Nreps = Nreps + 1
ENDIF
Return
END
Subroutine StnSet

this routine sets and displays the standard simulation settings

e Ne Y]

INCLUDE ‘SetHydra.CMB'
Dimension Query(7),Answer(7),String(?)
Character Query*80,String*80
Real Lo2Rel
Logical Rel2Lo,Badval
Data Nitems/7/,lenQry/60/,Query/
*0500CC ---Miscellaneous simulation parameters---‘,
0801LD Provide debugging feedback’,
100210 Periodic check for external abort command’,
f1203RD Iterative Tolerance Limit (expressed as & e.g. 0.5%)',
’14041ID Iterative Pass Maximum (e.g. 20)',
*1605RD Step Amount for Dt change (in fractlons, e.g. 0.0%)',
1806RD Effective Zero Value exponent ({(10**E2V)’'/
1 Badval = .false.
Answer (2) = Lo2Rel (Feedbk)
Answer (3) = Icheck
Answer(4) = TLimit
Answer (5} = ltrlim
Answer (€) = DtStep
Answer(?) = EffZer
Call MenFil {LenQry,Nitems,Query,Answer,String, .true.)
Feedbk = Rel2Lo(Answer{2}))
Icheck = Answer {3}
If (Icheck.LE.Q) THEN
Call Warnin(’Abort command period must be > 0',.true.,12}
Icheck = §
BadvVal = .true.
ENDIF
TLimit = Answer (4)
If (Tlimit.LE.0.0.0R.T1limit.GT.10.0) THEN
Call Warnin(’Tolerance Limit must > 0% & <= 10.0%',.true.,12)
Tlimit = 0.5
Badval ~ .true.
ENDIF
Itrlim = Answer (5}
If (ItrLim.LE.Q) THEN
Call Warnin(‘Iteration limit must be > 0',.true.,12)
ItrLim = 20
BadVal ~ .true.
ENDIF
DtStep = Answer (§)
1f (DtStep.LE.0.0.OR.DtStep.GT.1.0) THEN
Call Warnin('The Dt increment must be > 0.0 & < 1.0‘,.true.,12)
DtStep = 0.05
BadVal = .true.
ENDIF
EffZer = Answer(7)
1f (EffZer.GE.0.0) THEN
Call Warnin(’The effective zero coeff. must be < 0',.true.,12)
EffZer ~ ~30
Badval = .true.
ENDIF
1f (Badval) Goto 1
Return
END
Subroutine Record

LN N Y

[«

C this routine sets and displays the standard simulation settings
Cc

INCLUDE 'SetHydra.CMB’
Character Fsave*50, YesNo#*3, NumStr*l
Call GtFlNm({’Parameters to be saved to...’,Fsave)
Open({Unit=12,Flle=Fsave,Status='NEW' ,Err=]
Write(12,1000) Fprint//’ : Filename for results storage’
1000 Format (A}
Call Strlen(Rlabel, Length)
If (length.LE.O0) Length = 1
Write(12,1000) Rlabel{l:Length)
1010 Format (12X,A,’ :',A)
1020 Format (G15.8,’ :',A)
Write(12,1020) Column,’Column length (cm)’
Write(12,1020) TmStop,’'Time to terminate simulation (sec)
Write(12,1020) Theta$S,’Saturated Water Content’
Write{12,1020) FluxAm(l)/3600.0,’Effective Conductivity (cm/sec)
Write(l12,1020) BulkDn,‘Bulk Denslty (gm/cc)’
Write(12,1020) Disper,’Dispersion Coefflcient (cm2/sec)’
Write(12,1020) Sponge,'Hydrazinium binding capacity (meq/gm)
Write(12,1010) YesNo(IonExB)
& '=-=> Activate lon-Exchange <~---'

—
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s

&
1023
WAr
&
If

ENI

(IonExB) Wrize(l2,1020)

Format(A,’
ite(l12,1C10})
! ===> Activate

(RevspB) THEN
Write(12,1010)
write(l2,1020)
Write(l12,1020)
Write(l12,1020)
Write(12,1020)
Write(12,1020)
Arite(l12,1020)
Write(l12,1020}
Write(12,1010)
Write(12,1020)
WArize(l12,1020)
Arite(12,1020)
Write(12,1020)
Write(12,1020)
Write(l2,1020)
Write(l2,1020)
DIF

.
’

SelH2C,
‘Selectivity of Hydrazinium to Calcium’
A)

YesNo(RevspB),

Reversiple Sorption <---'

YesNo (Kinetc (1)), Activate Kinetic Sorption’
Rsorb(l,1),’Hydrazine Rate Coefficient (kl1)’
Rsorb(l,2),'Hydrazine Rate Coefficient (k2)’
Rsorb(1l,3),'Hydrazine exponent Coefficlent (N}’
Rsorb(l,4), 'Hydrazine Rate Coefficient (kff)
Rsorb(1,5),’'Hydrazine Rate Coefficlent (kbb)
Rsorb(l,6), Hydrazine Rate Coefficlent (kp)'
Raorb(l,7),’'Hydrazine Rate Coefficient (kq)’
YesNo (Kinetc(2)),*Activate Kinetic Sorption’
Rsorb(2,1),'Hydrazinium Rate Coefficilent (kl)°‘
Rsorb(2,2), Hydrazinium Rate Coefficient (k2)’
Rsorp(2,3),’Hydrazinium exponent Coefficient (N}’
Rsorb (2,4), Hydrazinium Rate Coefficient (kff)-’
Rsorb (2,5}, Hydrazinium Rate Coefficient (kbb)'
Rsorb(2,6),’Hydrazinium Rate Coefficient (kp)’
Rsorb(2,7),'Hydrazinium Rate Coefficient (kg)'

drite(12,1010) YesNo(IlrrevB),

&
If

EN

! -==> Activate

{IrrevB) THEN
Write(l2,1020)
drite(12,1020)
DIF

Irreversible Sorption <--='

(k3)°
(k3)'

Rsorb(l,8), 'Hydrazine Rate Coefficient
Rsorb(2,8),'Hydrazinium Rate Coefficlent

Write (12,1010} YesNo(MicroB),

&
1f

fe==> Activate

(MicroB) THEN
Write(12,1020)
write(12,1020)
Write (12,1020}
Write(l12,1020)
Write(12,1020)
Write(12,1020)
Arite(l2,1020)
Write(l12,1020)

Microbial Degradation <=--'

Rdgrad(l,1),'Hydrazine Rate Coefficient (ka)’
Rdgrad(l,2),’'Hydrazine Rate Coefficient (kb}’
Rdgrad(l, 3), 'Hydrazine Rate Coefficlent (kc)’
Rdgrad(l,4),'Hydrazine enzyme level {Eo)’

Rdgrad (2,1}, 'Hydrazinium
Rdgrad(2,2), 'Hydrazinium
Rdgrad(2,3), ‘Hydrazinium
Rdgrad{2,4),'Hydraziniunm

Rate Coefficlent (ka)’
Rate Coefficient {kb)*’
Rate Coefficient {(ke)’

enzyme level (Eo)’

ENDIF

Arite(l2,1010} YesNo(AutoXB),

& '=-==> Activate Auto-Oxidation <=-=-'

If (AutoXB) THEN
Write(12,1020) Rautox(l,1l),’Hydrazine Rate Coefficient
Write(12,1020) Rautox (1,2}, 'Hylisazine Rate Coefficlient
Write(12,1020) Rautox{l,3),'Hyarazine Rat< Coefficlent
Write(l2,1020) Rautox(2,1},’Hydrazinium Rate Coefficlient
Write(l12,1020) Rautox(2,2),'Hydrazinium Rate Coefficient
write(12,1020)Rautox (2,3}, Hydrazinium Rate Coefficient

ENDIF

Write(12,1010) YesNo(HydroB},

¢ ===> Activate Hydrolysls Conversion <-=='
(HydroB)} THEN

Write(l2,1020) BasepH,’Base pH for conversion’

Write(12,1020) AmbnpH,’Ambient pH’

ENDIF

Write(12,1040) Nspecs,’Number of boundary condition specs’
Format(IiS,’ :',A)

Do 10 I = 1,Nspecs
CEC = Conc (I, 3}

(ki) *
(kiir’
(kiily*
(ki)*
(kil)’
(kiii)’

If

1040

+ Cenc(I, S}

10

write(12,1020)

Write(l12,1020)
Write(l2,1020)
Write(l12,1020)
Write(12,1020)
Write(12,1020)
Write (12,1020}
Write(12,1020)
Write(12,1020)

Dx,’'Dx = Nodal increment
Write(12,1020) Dtmax,'Maximum Dt

Depth(l),’---=-> Depth {(cm) <====
Conea(I,l}, 'Hydrazine in solution (meq/cc)’
Conc (I,2),'Hydrazinium in solution (meg/cc)’
Conc (1,3), 'Hydrazinium sorbed (meq/g)’
Conc(I,4),’Calcium {n solution (meg/cc)

Conec (I,5),‘Calcium sorbed (meq/g}’

Conc (I, 6), 'Oxygen in solution (meg/cc)’

CEC, 'Cation Exchange Capacity (meq/qg)*

{cm)’

(secs)’

Write{l12,1040) Nflux,’'Number of flux changes during run’

Do 20

20

Write (12,1020}
Write(l2,1020)
Write(12,1020)
Write(l2,1020)
Write(12,1020)
Write(12,1020)

I = 1,Nflux

FluxTm(I),‘Time (sec) of flux change’
FluxAm(I),‘Flux (cm/hr) imposed’
FlConc(1l,1),’Hydrazine {in solution (meq/cc)’
FlConc (l,2),'Hydrazinium i{n solutlon (meq/cc)’
FlConc (I, 3),'Calcium in solution (meqg/cc)’
FlConc(I,4), 'Oxygen in solution (meq/cc)’

Arite(12,1040) Nreps,'Number of reports to be generated'
Do 30 I = ],Nreps

Write(12,1020) RepTim(I), ‘Report to be generated
Write(12,1020) Scale(l),’'BTC Divisor scale factor for
Write(12,1020) Scale(2),’BTC Divisor scale factor for
Write(12,1020) Scale(3),’BTC Divisor scale factor for
Write(12,1020) Scale(4),'BTC Divisor scale factor for
Write(12,1010) YesNo(FeedBk),'Feedback for debugging’
Write(12,1040) Icheck,’abortion check periodicity’
Writc{12,1020) Tlimit,’Tolerance Limit i~ percentage’
Write(12,1040)ItrLim,’ Number of passes before iterative failure’
Write(12,1020) DtStep,’Increment for Dt - fractional’
Write(12,1020) EffZer,’Power for approximately zero value’
Close(l2)
Return

(sec)”’
N2H4'
N2HS5+/
Ca++’
Q2!

30
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END
Subroutine GetPar

his routine sets and displays the standard simulation settings

“

INCLUDE 'SetHydra.CMB'
Logical Str2lLo
Character Fsave*50, YesNo*3,NumStr*] ,Aline*80
1 Call GtFlNm{'Parameters to be read’,Fsave)
Open (Unit=12,Flle=Fsave, Status="0OLD' ,Err=1l
Read(12,1000) Aline
Call StrBeg(Aline,Istart)
Call strLen(Aline,lend)
Do 2 1 = Istart,lend
If (Aline(I:I).EQ.’ ') Goto 3
2 Continue
3 Fprint = Aline(lstart:I)
1000 Format (A)
Read(12,1000) Rlabel
1010 Format (12X, A)
Read(12,*) Column
Read(12,*) TmStop
Read{12,*) Thetas
Reaa{l2,*) ConSat
Read(12,*) BulkDn
Read(l12,*) Disper
Read(12,*} Sponge
Read(12,1010) YesNo
lonExB = Str2Lo(YesNo)
If (lonExB) Read(l12,*) SelH2C
Read(12,1010) YesNo
RevapB = Str2lo(YesNo)
If {RevspB) THEN
Do 101 =1,2
Read (12,1010} YesNo
Kinetc(I) = Str2Lol(YesNo)
Do 10 J = 1,7
i0 Read(12,*) Rsorbd(I,J)
ENDIF
Read{12,101C) YesNo
IrrevB = Str2lo{YesNo)
If (IrrevB) THEN
Read(.2,*) Rsorb(l,8)
Read(12,*) Rsorb(2,8
ENDIF
Read{12,1010) YesNo
MicroB = Str2lo(YesNo)
if (MicroB) THEN
Do 20 1 = 1,2
Do 20 J = 1,4
20 Read(12,*) Rdgrad(I,J)
ENDIF
Read(12,1010) YesNo
AutoXB = Str2lo{YesNo)
If (AutoXB) THEN
Do 30 I = 1,2
Do 30 J = 1,3
30 Read{i12,*) RautoX(I,J)
ENDIF
Read{12,1010) YesNo
HydroB = Str2Lo{YesNo)
1¢ (HydroB) THEN
Read(12,*) BasepH
Read(12,*) AmbnpH
ENDIF
Read({12,*) Nspecs
Do 40 I = 1,Nspecs
Read (12, *) Depth(I)
Do 35 J = 1,6
35 Read(12,*) Conc(I,J)
40 Read{l2,*) CEC
Read(12,*) Dx
Read(12,*) Dtmax
Read(12,*) Nflux
Do 50 I = 1,Nflux
Read(12,*) FluxTm(I)
Read (12, *) FluxAm(I
Do 50 0 = 1,4
50 Read(l2,*}) FlConc(I,J)
Read(12,*) Nreps
Do 60 I = ],Nreps

60 Read(12,*) RepTim(I)
Do 651 = 1,4
65 Read{12,*) Scale(I)

Read(12,1010) YesNo
FeedBk = Str2lo(YesNo)

Read(12,*) Icheck
Read(12,*) Tlimit
Read(12,*) ItrLim
Read(12,*) DtStep
Read(l2,*) EffZer

70 Close(l2)
Return
END
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Subroutine Sinks

€00

nis routine allows the examination and/or alteration of standard source/sink terms

O 00

o3

1

INCLUDE rSetHydra.CMB’

Dimension Option(l0)

Character Option*80

Integer Choice

Data LenOpt/60/,Nitems/10/,0ption/

& 'Source/Sink Effects on Hydrazin(e) (fum)’',’ ',

& ’'<0> Return to General Simulation Parameters Menu’,’ ',
& '<1> Ion-Exchange (Hydrazium vs Calcium)’,

5 '<2> Reversible Sorption’,

& '<3> Irreverslble Sorption’,

& ‘<4> Microbial Degradation’,

& '<5> Auto-Oxidation’,

& '<6> Hydrolysis (Hydrazine <-> Hydrazium)’'/

Choice = MenChc (LenOpt,Nitems,Option,.true.)
If (Choice.NE.Q) THEN
If (Choice.Eq.l) THEN
Call IonExc
LSE If (Choice.EQ.2) THEN
Call RevSrp
ELSE If (Choice.EQ.3) THEN
Call Irrevs
ELSE If (Choice.EQ.4) THEN
Call MicrDg
ELSE If (Choice.EQ.5) THEN
Call AutoOx
ELSE If (Choice.EQ.6) THEN
Call Hydrol
ENDIF
Goto 1
ENDIF
Return
END
Subroutine IonExc

this routine allows the examination and/or alteration of

INCLUDE ‘SecHydra.CMB'

Dimension Query(3),Answer (3}, String(3)

Character Cuery*8C,String*80

Real Lo2Rel

Logical Rel2lo,BadVal

Data Nitems/3/,LenQry/60/,Query/

& '0500CC ~--- Factors controlling lon-Exchange --=' ,
& '0701LD Activate this source/sink effect’,
& '1202RD Selectivity Coefficient for Hydrazium->Calcium’/

1 Answer(2) = LoZ2Rel (IonExB8)

Answer (3) = SelH2C
Badval = .false.
Call MenFil (LenQry,Nitems,Query,ANswer,String, .true.)
IonExB » Rel2Lo(Answer(2))
SelH2C = Answer {3}
If (IonExB.AND.SelH2C.LE.Q.0) THEN
Call Warnin(’Selectivity must be greater than zero’,.true.,12)
SelH2C = 1.0
Badval = .true.
ENDIF
If (Badval) Goto 1
Return
END
Subroutine RevSrp

C this routine allows the examination and/or altervation of Reversible Sorption

o

INCLUDE ’SetHydra.CMB'

Dimension Queryl(6),Answrl (6),Strngl (6}

Dimension Query2(10),Answr2(10),Strng2(10)

Character Queryl*80,Strngl*80,Query2+80,Strng2*80,Hspp(2)*15
Real LoZRel

Logical Rel2lo,BadVal,Setion(2)

Data Niteml/6/,LenQry/60/,Cueryl/

& '0500CC ---- Factors controlling Reversible Sorption ---',

& '0701LD Activate this source/sink effect’,

& '0900CC ~---Reversible scorption for Hydrazine---',

& "1102LD Alter or set the rate coefficients’,

& ’'1500CC --~Reversible sorption for Hydrazinium---'

& '1703LD Alter or set the rate coefficients’/

Dats Nitem2/10/,Query2/

& '0500CC ---- Factors controlling Reversible Sorption for---',
& '0700CC
& '0901LD Use kinetic approach for reversible sorption’,

& '1002RD Forward reaction rate coefflcient (k1)',

& '1103RD Backwards reaction rate coefficient (k2)’,

& "1204RD Dissolved concentratlion exponential ccefficient (N)',
&

&

&

&

‘1305RD Forward reaction rate coefficlent (kff}’

*1406RD Backwards reaction rate coefficient (kbb)',

71S07RD Binding reaction rate (kp)-from tightly sorbed’

'1608RD Binding reaction rate (kgq)-from loosely sorbed’'/
Data Hspp/’'Hydrazine’,’Hydrazinium’/

1 Answrl{2) = Lo2Rel (RevspB)

Answrl (4) = Lo2Rel(.false.)
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Answrl (6) = Lo2Rel(.false.)
Call Menril{LerQry,Niteml,Queryl,Answrl,Strngl,.true.)
RevSpl = Rel2lLo(Answrl {2))
If (RevSpb) THEN
Setlon(l) = Rel2lolAnswrl (4})
Setlon(2) = Rel2Lo(Answrl (6))
Do 20 Ion = 1,2
If (Setlon(Ion)) THEN
Query2(2) (8:) = Hspp(lon)
Answr2(3) = LoZRel {Kinetc(Ion))
Do 101 = 1,7
N Answr2 (3+I) = Rsorb(lon,I)
Call MenFil (Len{ry,Nitem2,Cuery2,ANswr2,Strng2,.true.)
Xinetc(Ion) = Rel2Lo(Answr2 {3}
Co 15! =1,7
15 Rsorb(lon,I) = Answr2(3+I)
ENDIF
29 Centinue
If (Setlon(l).OR.Seclun’2)) Goto 1
ENDIF
Return
END
Subroutine Irrevs

this routine allows the examination and/or alteration of irreversible sorption

anoa

INCLUDFE ‘SetHydra.CMB'
Dimens!un Query{6),Answer(6),String(6)
Character Query*30,String+80
Real Lo2Rel
Logical Rel2lLo
Data Nitems/6/,LenQry/60/,Query/
’0500CC -~~- Factors controlling Irreversible Sorption ---' ,
‘0701LD Activate this source/sink effect’,
*09C0CC ---Irreversible sorption for Hydrazine---/,
4 '1102RD Forward reaction rate coefficlent (k3)’,
& ‘1400CC ---Irreversible sorption for Hydrazinium~--f
& ‘1603RD Forward reaction rate coefficlent (k3)*/
1 Answer(2) = Lo2Rel (IrrevB)
Answer(4) = Rsorb(l,8}
Answer (6) = Rsorb(2,8)
Call MenFil (LenQry,Nitems,Query,ANswer,String, .true.)
IrrevB = Rel2Lo(Answer{2))
Rsorb(l,8) = Answer(4)
Rsorb(2,8) = Answer(6)
Return
END
Subroutine MicrDg

@ e on

o
C this routine allows the examination and/or alteration of

c

INCLUDE ‘SetHydra.CMB'
Dinension Query(12),Answer(l2),String(12)
Character Query*80,String+80
Real LoZ2Rel
Logical Rel2lo,3advVal
Data Nitems/12/,LenQry/60/,Query/
& ’'0500CC ---- Factors controlling Microbial Degradation ---'
& '0701LD Activate this source/sink effect’,
& '0900CC ---Microbial Degradation fcr Hydrazine---‘,
4 '1002RD Forward rate coefficient to complex (ka)’,
5§ '1103RD Backwards rate coefficent from complex (kb}‘,
& '1204RD Forward rate coeffcient to product (kc)’,
& “1305RD Size of enzyme complex (Eo)’,
& '1500CC ~--Microbial Degradation for Hydrazinium---',
@ '1606RD Forward rate coefficient to complex (ka)‘,
§ '"1707RD Backwards rate coefficent from complex (kb)',
& '1808RD Forward rate coeffcient to product (kc)’,
& '1909RD Size of enzyme complex (Eo)’/

1 Answer(2) = Lo2Rel (MicroB)
Do 10 I = 1,4

Answer(3+I) = Rdgrad(l,!I

10 Answer(8+I) = Rdgrad(2,I}
Call MenFil (LenQry,Nitems,Query,ANswer,String, .true.)
MicroB = Rel2Lo(Answer(2))
Do 201 = 1,4

Rdgrad{(l,I) = Answer (3+I

20 Rdgrad(2,1) = Answer (8+]
Return
END
Subroutine AutoOx

this routine allows the examination and/or alteration of auto-oxidation

(1Y)

INCLUDE ‘SetHydra.CMB'

Dimension Query(10),Answer(10},String(l0

Character Query*80,String*80

Real Lo2lRel

Logical Rel2lo,BadVal

Datas Nitems/10/,LenQry/60/,Query/

& '0500CC ---- Factors controlling Auto-Cxidatjion ---'
& ‘0701LD Activate this source/sink effect’,

& '0900CC ---Auto~Oxidation of Hydrazine---'

& '1002RD Forward rate coefficient to complex (ki)’,




& "1103RD Backwards rate coefficent from complex (kii)',
& '12C4RD Forward rate coeffcient to product (kiii)',
§ '1500CC ---Auto-Cxidation of Hydrazinium---*,
& '1605RD Forward rate coefficient to complex (ki)‘,
& ‘1706RD Backwards rate coefficent from complex (kii)’,
& ‘1807RD Forward rate coeffcient to product (kiii)'/
1 Answer(2) = Lo2Rel (AutoXB)
Do 101 =1,3
Answer(3+I) = RautoX(l,I)
10 Answer(7+I) = RautoX(2,1I)
Call Menfil (LenQry,Nitems,Query,ANswer,String, .true.)
AutoXB = Rel2lo{Answer(2)
Do 20 I = 1,3
RautoX(1,I) = Answer{3+I)
2¢ RautoX{2,I) = Answer(7+I)
Return
END
Subroutine Hydrol

anna

this routine allows the examination and/or alteration of

[od

INCLUDE ’SetHydra.CMB'
Oimension Query(4),Answer(4),String(4)
Character Query*80,String*80
Real Lo2Rel
Logical Rel2Lo,BadVal
Data Nitems/4/,LenQry/60/,Query,
& '0500CC ---~ Factors controlling Hydrolysis ---'
& '0701LD Activate this source/sink effect’,
& "0902RD Critical base pH value’,
& '1103RD Ambient pH'/
1 Answer{2) = Lo2Rel (HydroB)
ANswer (3) = BasePh
Answer {4} = AmbnPh
Badval = . false.
Call MenFil (LenQry,Nitems,Query,ANswer,String, .crue.)
BasePh = ANswer(3)
AnbnpH = Answer (4)
If (BasepH.LT.l1.0.OR.BasepH.GT.14.0.CR.
& AmbnpH.LT.1.0.0R.AmbnpH.GT.14.C) THEN
Call Warnin({’pH must be between 1.0 and 14.0',.true.,12)
3adval = .true.
ENDIF
If (BadVal) Goto !
Return
END
Subroutine PoreVl

C this routine allows the conversion into pore volumes

[of

INCLUDE ’SetHydra.CMB'

Logical AskQus

PVlsec = ThetaS*Column*3600.0/FluxAm(l

Call Notice({’You may have entered -imes in pore volumes’,

& .true.,5)

Call Vtab(8)

Write(*,1000) (‘Flux changes at:’,FluxTm(I},FluxTm(Il)*PvlSec,

& i=1,Nflux)
Write(*,1000) (’'Reports at :! ,RepTim(I),RepTim (I} *PviSec,
& I=1,Nreps)

Write(*,1000) ‘Termination at :’,TmStop, TmStop*PVLSec

.1.000 Format (2X,A,Gl2.5,’ pvl~=> ',Gi2.5,' sec')

If (AskQus (‘Do you wish to make these conversions? (Y/Nj): Y’
' //char(8},.false,,20)}) THEN
Do 10 I = 1,Nflux
10 FluxTm(I) = FluxTm({I)*PVLSec
Do 20 I = 1,Nreps
20 RepTim(I) = RepTim(l)*PVlSec
TrmStop =TmStop*PVLiSec
ENDIF
Return
END

............ NCTE: See UTILITY SUBROUTINES for any routines used here that are not included
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3. Progranm for si

Adsorb (2, MaxNod)
AmbnPh (MaxNod)
Apprx0

Autolx

Ba.Sol

BalSor

3asePh
dCpen (2, MaxXod)
Beund (2, MaxNoa)
Bulxdn

Cact (MaxIcn)

Clissv(MaxIon, MaxNod)

Cecfix
Cinit .MaxIon)
Co.ilep (MaxSe%)

CollonMaxSet,MaxIon,2)

Column
CorSat

Cpred(MaxIcn,0:!

)

Csorb (Maxion,MaxNod)

Zlagon (¥axNcd)
Zlsper

it

StAlzr

Otlecr

ZtDown

Ctlast

Strax

xtrem(2,¥axlon,
nkth
eedhik
Lx5rd (2, MaxNoa)
lowin (0:MaxlIorn)
Lowou(C:MaxIon)

Fluxtm (MaxSet)
Fprinz

GolonX
HydrIN{(MaxIon)
Hydrla (MaxIon)
Hydrol

Icheck

IflxPt

Ionlst

Irepet

Irrevs

Itmptr

Itrlim

IzrTrk (30)
Kinetc (2)
N2H5+)

LeckDwn

Maxion

MaxNod

MaxRep

MaxSet

Microb

NdtcSum

Nflux

NinUse

Nions

Nodes

Nrepr

Nspecs
0ldAds (2, MaxNod)
0OldBnd (2, MaxNod)

OldDis (MaxIon,MaxNod)

OldFix (2,MaxNod}
OldFlx

OldSor (MaxIon,MaxNod)

OxNitr (MaxNod)
Porevl
Ratlirv(2)
RatRev{2,7)

RautoX (2, )
Requlil (2)
Result {MaxNod}
Revers

Rlabel

2:4

Fluxam(MaxSet, J:Maxlon)

:lation of hydrazin(e) (lum) movement In a saturated column

HYDRAZIN Variable Dictionary

amount of material absorbed at each node (l=old, 2=now)

ambient pH at each node - usedin hydrolysis calculations

approximately 2zero - the effective floor which should be slightly non-zero

boolean for auto-oxidation (true =-> auto-oxidation does occur)

total solute in the system - used in mass balance calculations

total sorbed material in the system - used in mass balance calculations

vase pH value used in hydrolysis calculations

tooleans indicating whether there (s any remaining capacity to bind at each node
the amount of hydrazinium bound permanently at each rode

bulk density (gm/cc)

the xnown (inflow + initial -~ntents) amount of each ion in the system

the solute concentration (meqscc) for each lon at each node

~he total cation exchange capacity at each node

the initial amount of each ion in the system at the start of the simulation

the depth corresponding to each boundary condition specification

the concentration (meq/cc) of each ion at each boundary condition specification
the length of the simulated column in cm

saturated conductivity (cm/sec)

tne predicted {cutflow + current contents) amount of each ion in the system

the sorbed concetration (meg/gm) of each ion at each node

the vector holding the diagcnal elements of the tridiagonal solution system
dispersion coefficient (cm**2/sec

the current time increment (delta T) (sec)

boolean indicating the need to change the Dt (if true)

the amount that Dt will be decremented

booclean indicating the direction of Dt change

the value of Dt before the change

the maximum value that Dt is allowed to assume

the minimum value that Dt is allowed to assume

the time needed to change Dt from Dtmin to DtMax

boolean indicating that Dt is to be changed

the fraction of Dtmax to be added to Dt if the change is ascending

the sum of all Dt values throughout the simulation (used in calculating mean &%)
the distance betwen nodes (cm)

the percent error for each ion

a set of min/max/sum/sum-of-squares values for reporting extremes of certain variables
flle name for the breakthrough vaiues (15 characters

boolean used to turn on {.true.) or off (.false.)} debugging statements

the concentration (meq/gm) of tighly bounded absorbed material

the cummulative amount (meq) of each ion that has entered the system

the cummulative amount (meq) of each ion that has left the system

the input flux (0) or concentrations (1..Maxlon) for each flux/concetration change
zhe time (sec) at which each flux/concentration change time occurs

the fllename for the report (results) information (15 characters)

boolean indicating that ion exchange is to occur (when .true.)

the amount of hydrazin(e) (lum) converted to the other form upon entry into the system
the total amount of hydrolysis conversion that has occurred

boolean indicating that hydrolysis is to occur (when .true.)

indicates how frequently the abort file should be checked

a pointer that Indicates which of the flux changes ls currently active

indicates which of all possible ions in the system is in fact the lst active ion
the counter of the number of completed time steps

boolean indicating whether irreversible sorption is to take place

pointer indicating which of the report times ls the next to be active

the iterative limit - the number of times the system will attempt to find a converging sol.ition
stores the cummulative number of iterations needed to acheive a convergent solution
= booleans indicating that a kinetic (as opposed to an equilibrium) approach is to be used (N2H§

How o 0 & 0 6 0 K % 0 8 8 B8 0 KN 0 0 6 40 0K & &0 &0 & o0 % &8 0 a8 8 8 8 8 F & &0 &80 8 %0 K X o8 8 888 u

counter of the number of iterations after a flux change (if < !0, then Dt stays at Dtmin)
maximum number of ion In the system (=4 : N2H4, N2HS+, Ca++, H+ in that order
maximum number of nodes in the system (=202)

maximum number of reports allowed (=10

maximum number of boundary condition specification sets allowed (=7

boolean indicating whether microbial degradation i{s to be used

accumlates the number of Dt changes and is used to calculate the mean Dt
number of flux changes to occur during the simulation

number of ions in use

total number of ions in the system (=4)

the number of nodes in the system

the number of reports requested during the simulation

the number of boundary condition sets used to setup the system initially

the old (previous) adsorbed amounts for the 2 hydrazire species at each node
the old (previous) permanently bounded amounts for N2H4 and N2HS+ at each node
the old (previous) dissolved material for each ion at each node

the old (previous) tighty bound material for N2H4 and N2HS5+¢ at each node

the old (previcus) flux into the system

the old (previous) material sorbed {in the CEC) for each i1on at each node

the oxygen/hydrazin complex used in autooxidation calculacions

the cummulative amount of water that has left the system (pore volumes)

rate coefficients for irreversible sorption (N2H4 & N2HS+ - lst order only}
rate coefficients for reversible sorption (N2H4 & N2HS5+, where:

1 {3=nonlinearity exponent for -(l)=>

b m—————— - tr—mmaaa +* +
{Dissolved|=~=(l)~=>ILoosely|~==(§)==>{Tightlyi=~-(7j==>|Permanent.ly

| Phase |1<--({2)---|50rbed |<--{5)}~~~|Sorved { +-(6)~=->1 Bound |

bm———— —— D + e —— e m e ————— +
1 bemem e r e ——— -—————————— -
v

= auto-oxidatlion coefficents

= equillibrium coefficents (replacing -~(11-> & <-{2)~- for N2H4 & N2H5+)

= result vector used in the tridlagonal solution

= boolean indicating that reversible sorption is to be used

= 80 character string labeling the particuiar simulation
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Spliag (MaxNod
Sponge

SrbOut (MaxIon)
Thetas

Time

Tlevel

TozNow (Maxion, S
Uselon (MaxIon)
Valenc (MaxIon
Velcc

Winit

rate zcelficents for micrabial degradation (£or N2H4 & N2HS
vector ho.ding the subdiagonal coefficients for use in the
selectivity value between Ca++ and N255«

diviscrs of output concentrations

text strings for the various active enties (water,N2H4,N2H5+,Ca+r, H-)
vector holding the super-diagonal coefficents for the tridiagonal sclution
maximum capacity to permanently bind N2H5+ at each node

total amount of material lost to the system due to sorption

saturated water content

value of the simulation clock (sec)

tolerance level (in percent)-solution is accepted when max diff at an
sucessive soilutlions drop down to or tcelow this value

last cime at which a breakthrough point was generated

tires at which reports are to be generated

ime span between breakthrouqh point

ime to stop the simulation

holds the totals (meq) in the various simulated compartments

booleans which indicate whether a given iocn i3 active

valences of tne various lors

pore water ve.ocity

initial water total

node between

-




Tosble Prezlasion (A-H,0-2)

)

Yarametor (Max ] =4, MaxN2a3-202, Maxdeta=7, MaxRep

Common ‘Tontrl/Apprxl,Cectix, Column, Dt, Dtmax, Dtmin, DtStep, Ux,
Icheck, lonlst,Irepet, Jtmptr,Itrlim,NinUse,Nions,
Nodes,Nrepr,PoreV!l,Scale{Maxicon), Thetas, Time,
Tlevel, Tmlast, TmRepr(0:MaxRep), Tmstop,Winit

Drlast,UtSpan, OldFix, Leadwn, Sponge

N red(Maxion, %),

rom {2, Maxlon, G4,

L5l

Max.sng,NtoLa, LA,

L

JommonSfrearsidalSol, Ballor, Cact (A
Y

+ :
Common/lorns /Chissv (Maxlon,MaxNod),(1dDis(Max]lon,MaxNod),
Csorb (Maxlon,MaxNod) ,71idSor {Maxlsn, MaxNod),

Agsorn (2, Maxtod), CidAas (2, MaxNua) Valenc (Max]nny,

P

axMNad)
Feeabd

(3:Max.cn) , Flowoul
(Max!ong, Scnut (Max
JMaxlon,2),Tollen (MaxSet) , Nafa
onSat, r, SCa2iy

s (MaxNodl, Jasern, OxNitr (MaxNod) ,Rat v (2),

Sian

& RatRev(2,7) ,Rautox{2,3),Requil {2}, ,Rmicrp (2, 4)
Common/TrilDat/SbDiag (MaxNod),Diagon (MaxNod) , SpDiag (MaxNod)
& Result (MaxNod)

Common/Comchr/Fbrkth, Fprint,Rlabael, Solute (0:Maxlon)

Character Rlabel!*80,5clute*l6,Fprint*15,FbrkTh*1l5

Logjlcal Autedx,DtAltr,Dulown,DtStar,Feedbk, GolonX,Hydrol, [rrevs,
1Y Kinetc,Microb, Revers, Uselun, 3dlpen

FORTRAN 77 code !for HYLZRAZIN

PROGRAM iHydraz

Stepren Al - ftor Dr. Rober: Manac.., s

fread trne simy

pation o

Al

H

[HEEEFYSLINTY B

neesded

] feneck whethor Ut neeas
A e {increment. the clock:
IREPET = PET ¢ 1 {increment the jteration
foraV] = lowOu () / (Column*Thetas) {set the pore voliumej
Call ChrFix {check for flux changss)
IF (Tilme. GE.TMREPR(Itmptr)) THEN fcheck it a report is
all Replon {qgenerate an arror & pro

Lall RepPrf {generate an extract of

HGLE

(PoreV) . GT.!.0FE-06) T
If (Cabs{TmSpan).LKE.l.0K~06) TmSpan = (TmStop~Time)/2%G0.0 fapacing neede

IF (Time-TmlLast.GT.TmSpan) Call BrkCuat tgenerate a po

ENDIE

LT.TmGtop) THEN
Mov fsimulate he
NotUDtALU T AND MUD (lrepern, 10) L ED. L) Tail Mbaloa iperiodically

FlowCu(3) ~ FlowQu(ll + Ut*ConSat {track water movement oub Db 0 s
P R R e R
(Time LT.T®Stopy GOTD 30 tuntil the terminate pore vo. .~
Zall BrxRep {produce the break=-hrougn
<all Repltr {report the lterative trace per
Call Rephxt ireport the min/max vai-ies)
If (NdesSum.7.0) Write{l?2,040) NdtSum,DtSum/NdtSum {report the average Dt valuoe;
1C40 Format (/,’ 2t wvalues used: *,15,' Average Ot: *,512.5)
CLCSE(12) iclose the report unit
Close(14)
END

SUBRQUTINE SolMov

t1f current time 135 |

fnt of

len ox
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€
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qer

LETASLY g

when

“han tne
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e L
LTV
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terminate tomed
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coordinates the sequ
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uiations.

INCLUDF. ‘Hydrazin.CMB'
Loglcal RvDone
Simension Sollnp (Maxion)

Do 10 lon = !,Nlans 1for all 1ons, transter
Sollnptlon) = FluxAm(lfixp, Ion) finto SOLINP. 1 3ni A
If (LerDwn . LE.10) Solinp{lon) = FiuxAm([flxpt=-l,lon} - itase into flux change

& {FluxAm(Iflxpt,lon)~FluxAm(Iflxpt~1,ion))*LexDwn/i0 9
184 LGR.20) Call MinMax({Errors(lon,l},lon,1) imoni<or min/max errors atter
20 = 1,tNodes (for a.l nodes ‘n ~ne ~olumn

U L2LAND  Ion LEL 3 THEN {art .nr lons 0 tne Lon
SldSor(iaon, idep) - Tanrh(inn, lden) Lranster tRo current 2al
ALl MinMax(Tsorbtlion, D tep), lon, 3) ‘¢ pdate min/max !or "re sorn

ENUGIF
of tion.LE.2) THEN {"ransfer hydrazin(e) {ium)

O1aAds (lon, [tep) = Adsorb(Ion, (dep)
Clatix(Jon, idep) = Filxsrotion, ! dep)
Ois3rd(lon, idep) = Bouna(lon, [dep)

ENDIF
Call MirMax(Caiaaviinn, i den), a0, 2) i the same !
L Gldahtiation, LUEP =~ Odlasy(lon, (LEM) fmove e oagre
= DtsUmo o« D ivrack the LT

= NDtLum v

itnis vector stores “he
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trials]

b

i

Ipass = ¢
1f (Eydrol) Call Coninp(SollInp(l),Sollinp(2)) if using hydrolysis, 2o it on the input vaiues’
Rvicre = .fa.se. v= reversizle sorption not yet caiculatea}
15 ConVrg = C.0 {ho.ds the maximum error Detween sucessive
Do 20 lon = [,Nions
23 If (Uselon(lon)) Call Sollon(lon,Solirp(lon),Convrg,Ipass) {solve the transport equations for all ionsj
If (GolonX) Call Exchang {perform icn-exchange and for the N2H4 & N2HS+...
ipass = [pass +1
If (Revers.AND. (Kinetc(l).OR.Kinetc(2})) THEN {if dcing reversible sorption & at least ! hydrazinej
Call RevAds {is kinetic, calculate the reversible effect & set}
RvDone = _tru {the flag to truel
INDIT
1€ (Ipass.EC.1.CR. iit’s the 1st pass or the passes have not exceeced the}
& (Ipass.LT. im . ANC.Convrg.GT.Tievel)) Goto 1S {limit but no convergence yet, so Try again...:}
ItzTrk(Ipass) = It <{Izass) - inote the number cf iterations neeced:
If (.Not.RvCone.AND.Revers) Ca.. RevAds {if needed, do the reversible sorption calculationsi
Jo 30 Idep = 2,Nodes-i ifor all internal nodes in the column & the hydrazinej
Do 3¢ Ion = 1,2
If (AutoOx) Call OxyEat (Cdissv(Ion, Idep),CxNitz(Ider), ‘species, allow autoxidaticn & hydrolysis Lf being used)
s Cdissv(4,lzep), lon, Idep)
30 If (HydroliTal. Conver(Cdissv(!,Idepl,Cdissv (2, Ideg!
20 45 Idep = 2,Noces-1 {for mass balance, calculate the amount scrrea
C0 4% Ion = 1,2 iirreversibly}
42 SrzCut(lcn) = SrpQutilcn) + (Ratlrv(Ion) *+ Rmicrb(lon,l)) *
H 2t ®* {Caissvi(Ion,ldep)+CldCis(lon,Idep))*0.5 *» Dx * Theta$
20 58 Isn = !,Nions {MASS BALANCE CALCULATIONS...:
FLOWIN(lon) = FLOWIN(Ion) + FluxAm{Iflxpz,d)* Sollinmptlon) * 27 ithe amount that has entered is trne flux *
AvConc = (Cdissvi(iIon,Nodes-.) + Ccissv(lon,Ncdes) + i{the average concentratlion acrcss the bottom:
3 Cldlis(Ion,Nodes~1) - OldDis(Ion,Nocdes))/4.C
33 FLCWOU (lon) = FLCWCU (Ion) + ConSat * DT * AvConc {amount that left = flux * dt * average!
RETURN
END
Double Precision Function Rkinte (Idep,lon)
e o e e i e o e e -
C This routine handles reversible sorption for the kinetic version
Poa ——mm ————
INCLUDE ’Hydrazin.CMB'
Rkinte = 0.0
If (Revers.AND.Ion.LE.2.AND. iif doing reversible sorpticon, for a hydrazine spp.
& RatRev (lon, 1) *RatRev (Ion, 2) *RatRev(Ion, 3} .GT.Apprx0) THEN {with positive rate coefficents & kinetically....:
If {Kinetc({Ion}) Rkinte =
H Dt * (-RatRev(Ion,l) * CDMean(lon,Idep)**RatRev(Ion,3) + iset up the appropriate factor
& BulkDn = RatRev(Ion,2) * AdMean(Ion,Idep) / Thetas$)
ENDIF
Return
END
Double Precisien Function RequlX(Idep, Ion)
o - —— - e ——————— ————— Oy S
< This routine handles reversible sorption - Equilibrium Version
c ——— -
INCLUDE 'Hydrazin.CMB'
Requlk = 0.0
If (Revers.AND.Ion.LE.2.AND. {if doing reversible sorption, for a hydrazine sppj
& Requil {Ion) *RatRev{Ion,3) .GT.Apprxd) THEN {with positive equilibrium rate coefficients..
If {.not.Kinetc(Ion)) RequlK =
& BulkDn * RatRev(Ion,3) * Requil{lon) * Iset up the appropriate factor
& CDmean{lIcn, Idep)** (RatRev (Ion,3}-1.0} / Thetas
ENDIF
Return
END
Double Precision Function Decayl (Icn)
e e e e o o e e e e e e e e o e B b e e e e
C This routinre handles Irreversible Cecay
INCLUDE ‘Hydrazin.CMB'
If (Ilon.LE.2.AND.Irrevs) THEN {{f doing irreversible sorption for a nyz
DecayI = Dt * RatlirviIon) ispp, set up the factor
ELSE
Decayl = 0.0
ENDIF
Return
END
Double Precision Function DecayM{lIon)
c -
C This routine handles Microbial decay
c - e mm—r e —————— [,
INCLUDE ’Hydrazin.CMB’
If (Ion.LE.2.AND.Irrevs) THEN {see comments for DECAYI}
DecayM = Dt * Rmicrb(lIon,l)
ELSE
DecayM = 0.0
ENDIF
Return
END
SUBROUTINE sSollon(lIon,Conclin,Convrg, Ipass)
Cm o e et e e e e e e o = o e e mm mm [

C This routine calculates the lon transport equation using a finite-difference, tri-dlagonal approach.

~

INCLUDE ’Hydrazin.CMB'

Dfactr = Disper*Dt/{2.0*Dx*Dx)

Vfactr = Veloc*Dt/(4.0%Dx)

DO 10 IDEP = 2,Nodes - 1
CALL GHfixd(IDEP, Ion,Eta,DIFF)
RSorbE = RequlK(Idep, ion)
RsorbK = Rkintc{Idep, ion)

Decay = Decayl(lon)/2.0 + CecayM(Ion)/2.0
BndFir = 0.0
If {Ion.LE.2) THEN

If (8dOpen(Ion,Iidep)) BndFlr =

Ot*BndFac (Ion, Idep) *RatRev(ion,?)/2.0
ENDIF

43

{set up these factors outside of the loop!

{for the internal nodes within the colunmn;
{get the lon exchange coefficients;
{the reversible equilibrium or kinetic values!

{the lst order degradation cocefficients)

{generally the finite sink factor is 0 but {f the!
‘{on {s a hydrazire spp and there i{s unused capacity!
{at this node, calculate “he transfer factor




£fag (IZEP)
Siagon{I2E?)
Spllag(I3E2)
Result (IDE?) =
OldDis(lon,IDEP-1) * {Dfacty + Vfactr) -
& OldDls(Ion,IDE?
1 CldDis(lon,IDEP+l)* (Dfaczr - Vfactr) +
10 If (Result(Idep}.LT.0.0) Result{Idep) = 0.0
SbDiag(l) = 0.0D+00
Ciagon(l) = Disper/Dx + Veloc/2.0
SpCiag(l) = -Disper/Dx + Veloc/2.0

- Decay -« 2.

oo

"

RsorbK » Diff

Result (l) = Veloc * Concln
Sbliag(Noaces) = -1.0

Clagon (Ncdes) = 1.0

Spliag (Ncdes) = 0.00-50

Resu.t (Nedes) = 0.2D2+00

CALL TriDim
DO 20 IDEP = ],Nodes
IF (Result (IDEP).GT.Appzx0) THEN
If (Ipass.GT.C.AND.Idep.GE.2.AND.Idep.LE. Nodes-1)
If€ (Cdissv(Ion,lcep}) . GT.1.CE=-20) THEN
Error = 133 02*JA3S((Resul:z (Idep)~- Caissviicn,lgcep)i/
& Cdissv(ion, Idep)

J*{l.0+EtarRscrof-Decay~2.3*Cfactr-3ncrir

{set up the stancgard tri-ziagenal scheme’

{insure no negative concentrations will occur)
{FLUX BOUNDARY at the top!

{REFLECTION BOUNZARY at Botromi

iscive system of eguations!
{filter the results’

{1f the results are greater than 0...}

{and this is not the first iteration...!}

{for values large enougn ¢ be worried anout...:
icaiculate the errcr cetween estim

INDI
If (Error.GE.Cenvrg) {if it is larger than the max, change the maxi
Convrg = Error
MxIon = Ion
MxDep = Idep
ENDIF
ENDIF
Cdissv(lion, IDEP) = RESULT(IDEP) {and assign the new value into the arrayi
ELSE
Cdissv(lon, IDEP) = Apprx0 {otherwise..set to effective zero}
ENDIF
20 Continue
RETURN
END
Subroutine RevAds
C This routine calculates the reversible sorption arrays
INCLUDE 'Hydrazin.CMB’
J¢ 30 lon = 1,2 {for the hydrazine species...!
If (Uselon(lon}) THEN iwhich are in use...}
If (.Not.Kinete(lon)} THEN {and are in an equilibrium model...:}
Co 10 Idep = 1,Ncdes
Adsorb(Ion, Idep) =Requil (Ion)* {calculate the amount adsorbed...|]
& Cdissvi{lon, Idep)**RatRev(Ion, 3)
BnFact = BndFac{lon,Idep)
FixSrb{lon,Idep} = RatRev(lIon,4)*Cdissv{lon,Idep)/
& RatRev(Ion,3) =~ RatRev(Ion,6)*BnFacT*OldFix(Ion, Idep)
i0 Bound (Ion, Idep) = RatRevi{lon, §) *BnFacT*OldFix{Ion,Idep)+
& OldBnd(Icon, ldep)
ELSE {OTHERWISE===KINETIC Model---}
Do 20 Idep = 2,Nodes-l
If (RatRev(Ion,l)*RatRev(ion,2).GT.Appx0) THEN {if the rates to loosely sorbed (LS) are >J!
BnFact = BndfFac(lon, ldep)
DisFac = Dt*ThetaS*RatRev(lon,1}* {=amount moving into 1S from dissolved phase}
& Cdmean {Ion, Idep) **RatRev (Ion, 3) /3ulkDn
ComRat = Dt*(RatRev(lon,2)+RatReviion,4)+ {=amount leaving LS into tightly sorted (TSi:
& RatRev(Ion, 6) *BnFact /2.8 { permanently dound (PB) and cissolved pnase:
FixFac = Dt*RatRev{Ion,5)*FxMean(lon,Idep) {=amount entering LS from TS
AdsFac = (1.0-ComRat) *OldAds (Ion, Idep
Adsorb(Ion,ldep) = (DisFac+AdsFac+FixFac})/(l.0+ComRat) {combinre into new LS (adsorpecd) ccncentration}
ENDIF
If (RatRev(Ion,4)*RatRev(Ion,5).GT.Appx0) THEN {if zhe rates to/from TS are > 0, ...
ComRat = 0.5*Dt*RatRev(lon,3
Fxfacl = Dt*RatRev(Ion,4)*AdMean(lon,ldep} {=amount entering & amount leaving}
FxFac2 = (l.0~ComRat)*0ldFix(Ion,lIdep
FixSrb(Ion,ldep) = (FxFacl + FxFac2)/(1.0 + ComRat) {determine the new conc. in TS compartment}
If (FixSrb(Ion, Idep).LE.Apprx0) THEN
Write(12,2000) Ion,ldep,FixSrb(lon,idep)
2000 Format ('ERR . Chemi-Sorbed over-reduced:fx(’',2I3,
& ’)=’,G12.5,'. Pgm ends.’)
Call EndPgm(’Chemi-Sorbed < Apprx0!’)
ENDIF
ENDIF

If (8dCpen{lcr,Idep}.AND.Sponge.57T.0.90) THEN
FromCp = Dt*RatRev(lon,6) *AdMeanilon,Idep)
FromCd = Dt*RatRev(lon,7)*ThetaS*CdMean{lon, Idep)
4 /BulkDn
ComRat = (FromCp + FromCd)/{2.0*Sponge}
8ound (Ion, Idep) = (FromCp +FromCd +
& OldBnd(Ion, Idep)* (1.0-ComRat))/ (l.+ComRa%)
If (Bound(Ion,Idep).GE.Sponge) THEN

Bound(Ion,Idep) = Sponge
BdOpen (Ion, idep) = .false.
ENDIF
ENDIF
20 Continue
ENDIF
ENDIF
30 Continue
Return

END
Jouble Preclsion Functlion BndFac(ion, ldep)

C This routine calculates the scale factor for the sink =
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(Maximum possible - Current_Value)/Maximum possizle

ii{ cthere Is open capacity & permanent binaing}
{can occur, get the amount from either TS or }
iLS - NOTE either RATREV(ICN,6) or |

{RATREV (ION, 7) must be zerot

{calculate the new bound quantity and set the}
{boolean of available capacity appropriatelyi




INCLIZE
If (Spen N (1€ there is a set max sink...}
Bngfac = (Sgcocnge-3aMean(lon, Ideg))/Sponge {tne capacity .efr is (max-curreni)/max:
If (BndFac.GT.l1.0) BndFac = 1.0 {wnich must pe between 0 and 1}
If (BndFac.lT.0.C) BnaFac = ¢.0
ELSE
BndFac = 1.0 Ltllerwmise teTazn 1)
ENDIF
Return
END

Subroutine Conver (Hydine,Hydium)

z ‘Hydrazin.

Ratio = 1C,0** (BasepH-AmbnpH(1})

Total = Hydine + Hydium

Call AdistH(Hydine,Total/(Ratio+1.0),1)
1 AgdistH(Hyaium,Toral-Hygine, 2

{determine the conversion ratio & the tota.}

ratio & total}

tadjust each as a function of the

cutine AdiscH(HOLd,Hnew, Icr)

e adiusts a hydrazin{e)

IS RS NS]

‘Hydra .CcMa’

HOld ~ HNew

(Hdif€.GT.ApprxJ) THEN
FlowCu(lon) = FlowlOu(lon) +
HydrlA(Ion) = HydrlA({len) +

ELSE
Flowln(lIon)
HydrlA (Ion)

ENDIF

HOld = HNew

Return

END

Subroutine Conlnp (Hydine,Hydium)

Hdiff*Dx
Hdiff*Dx

Hdiff*Dx
Hdiff*Cx

= FlLowln(lon) -
= HydrlA(Ion) -~

then the

This routine converts hydrazine to nydrazium and back again. If Ambient pH is ever not a column constant,
ncdal argument must be added to thi ' Used for column Input ONLY

aOnan

INCLUDE ‘Hydrazin.CMB'

Ratio = 10.0%" (BasepH-AmbnpH (1))

Total = Hydlne + Hydium

Call AdjilnH(Hydine,Total/(Ratio+l.C},1)
Call AdiInH(Hydium,Total-Hydire,2)
Return

END

Subroutine Ad3InH(HOld, Hnew, Ion)

Fod -_—
c

C This routine adjusts a hydrazin(e) (ium) value
Cmmm— -

INCLUDE ‘Hydrazin.CMB'
Hdiff = HOld - HNew
Hydrin(lon) = Hydrin(lon)
HOld = HNew

Return

END

SUBRQUTINE GHFixd (IDEP, Ion,Eta,DIFF)

+ HAiffeDt*FluxAm(I£f1xPt,0)

c e ———c———— ———————
C This routine generates the coefficients for relating the sorbed ghase o the dissolved phase for
INCLUDE ‘Hydrazin.CMB'
Dimension SorVal (MaxIon),Disval (MaxIon)
OIFF = 0.0 tinittalize accumulatorsi
Eta = 0.0
If (GolonX.AND,Ion.GE.2.AND.Ion.LE.3.AND.CECfix.GT.0.0) THEN
HFactr = 0.0 {otherwise apply the Valocchi techniquel
GFactr = 0.0
SMCSGB = 0.00+00
Do 10 I = 2,3 {define dissclved & sorbed vaiues at "N+1/2°}
Sorval (I1=0.5*( Csorb(I,Idep} + QldSer(I,IDep)
10 Disval (I} =0.5*(Cdissv(I,Idep) *+ OldDis(I,Idep)
D0 20 J = 2,3
IF (J.NE.Ion) THEN { hii* (CS§IN+1]-CSYIN])}
DIFF = DIFF + (Cdissv(J,IDEP)-0O1dDis(J,IDEP)) * { & sum ViI*CS(ik)
& (Sorval (J) /Disval (J))
SMCSGB = SMCSGB + VALENC(J) *SorVal(J)
ENDIF
290 CONTINUE
GFactr = 1.+ SMCSGB/(VALENC(Ion) * Sorval{lon)) fcalculate Gii i
HFactr = SMCSGB / (VALENC (Ion)*Disvalilon}) {calculate Hii }
Tfactr = ThetaS*Gfactr
Diff = =1,0*BulkDn*Diff/Tfactr
Eta = BulkDn*HFactr/TFactr
ENDIF
Return
END
SUBRCUTINE Exchang
-
<
Comm e i e o e e e e e e - e e o ———re—m—————-—— B T .-

INCLUDE 'Hydrazin.CMB'
If (CECFix.GT.0.0) THEN
Do 10 ldep = 2,Nodes-l
Cmega = SCa2Hy/(CECfix*Cdissv(2,ldep)**2
Csorb(2,Idep} = (-1.0 + CSQRT(1.0 + 4.C*CECfix*Cmega))/

iuse the guadratic equation %o solve the -1 valerce

If

(Csorb (2, Idep) . LT.ApprxQ)

{2.0*Cmega)
Csorp {2, Idep) *Apprx0

245

{and filter for minimum vaiue}




Caorp (3, laepy = ZECEix - Tscrp(2,lcdep) idetermine the 2nd ty difference and filter the value:

T If (Csorp(3,ldepr).LT.Azcprx?l) Csoro (3, Idep) =Apcrxl

INDIFT

Retumm

END

Subrourine OxyEat (Hcenc,lemplx,OxConc, Ion, Idep)
is routine implements the auto-oxidation aspects. RautoX(l,)=Hydrazine; 2,= hydrazinium; RautoX{(,l}=to comp.ex; ,
= from complex; ,3=to water - HAS NOT BEEN TESTED!!!

Nl

INCLUDE 'Hydrazin.CcM3'
If (Heonc.GT.Apprx0.AND.CxConc.GT.Apporx() THEIN
RequlX = Rau :oX(Ion,L)/(QaJuoX(IO' 1) + RauteX(Ion,2)
If (Hconc.GT.CxClonc) THEN
Clef: = Cxcenc

Cleft = Hconc

RaucoX{Ion,l)*Dt*Clefz
RautoX (Ion 2)'“c'y0-0 X
Complx - Toleft
RautoX {lon ,3)'Dt'Comp X
Filter(Complx - ToWatr,Apprx{,l.02+30
Filter(Hconz ~ Tolormx + TolLeft,Apprx0,1.0E
Filter{Cxlons - ToCeomx - Toleft,Apprx(C,1.¢C
Diff = (Hconc-ConcNw)*Ix*Theza$
If (DLff.GT.ApprxC) S:zblut{lon) = SroCut(lon) = 2iff
Heonc = ConcNw
ENDIF
Return
END
SUbroutine MinMax (Val, lon, Index)

[+]
¥
-
e ot
"
A W HH

This routine monitors the minimum and maximum values for all ions for three parameters

OO0

INCLUDE ‘Hydrazin.CMB’

Logical FirPas(MaxIon,0:4)

Data FirPas/20*.true./

If (FirPas(ion,Index)) THEN
Extrem(l, Ion, Index) = Val
Extrem (2, Ion, Index) = Val
FirPasi(lon, Index) = .false.

ZLSE

If {(Val.LT.Extrenm(l,Ion,Index)) Extrem{l,Ion,Index) = Val
If {(Val.GT.Extrem(2,Ion, Index)) Extrem(2,Ion,Index) = Val
ENDIF
Return
END

Subroutine RepExt

This routine reports the min/max data fro all ions for 3 parameters

aaa

INCLUDE ’Hydrazin.CMB’
Character Types(0:3)*20
Data Types/’ ’,'Mass Balance’,’Dissolved’,’Sorbed’/
If (CECfix.Gt.l.0E-06) THEN
Ntype = 3
ELSE
Ntype = 2
ENDIF
Co 10 I = 1,Ntype
Write(12,1000) Types(I)
1000 Format (//,' Extremes of ’,A)
O2¢ 10 lon = 1,Nions
pRe] If (Uselon(lon)) Write{12,.010) lon,Solute(lon),
& (Extrem(J, Ion, I),J=1,2)
00 Format (10X,12,1X,A," Minimum=',Gi12.5,’ Maximum=',Gl2.5
Retum
ZND
Double Preclsion Function Filtaer{Value,ValBot,ValTop)

This function insures than any value will fall between 0 and 1

(2 XN e}

INCLUDE 'Hydrazin.CMB’
If (Value.LT.ValBot) THEN
Ffilter = ValBot
ELSE If (Value.GT.ValTop) THEN
Fllter = valTop
ELSE
Filter = Value
ENDIF
Return
END
Subroutine StartR
C This routine starts the simulaticn run by init ization & reading the paramecer file
e e S — e ——————————— —mmm——————— e = e mmmmmm——————m e
INCLUDE ‘Hydrazin.CMB’
Logical NoFixd
Character Aline*80
Arite(*,1000)
1560 Format (' SPlease enter Parameter fl.ename: ') {get the info from the Jser)
Read(*,1010) Fprint
1010 Format (A)
Irepet = 0 {set variables to 0}
TmLast = 0.0
TmSpan = 0.0
Valenc (2)
Valenc (3}
Write(e,*) ameter file willi be ’,Fprint
5 CPEN(UNIT=10,FILE=Fprint, STATUS='0OLD’,ERR=100)

= 1.0 iinsure that the valences are set}|
- 2.0
‘Par

.
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Call
if

GetPar
.Not.Uselon(4)) T
NinUse = 3
ELSE
NinUse = 4
ENDIF
Ionlst = 0
Ionlst = 1
If (.not.Uselon(l).AND.Ionlst.EQ.]l) Ionlst = 2
Do 101 = 1,30
10 ItrTek(I) = 0
Itmptr = 0
DtStar = .true.
NDtSum = 0
DzSum = C.0
DtMin = 0.5+Dx*Dx"CapMin/ConSat
IF (DtMin.LT.0.l) DtMin = 0.1
Arite(*,1020) DtMin

1020 Format (’ Dtmin is set to ',Gl2.95)
Iflxpr = ©
Do 15 1 = J,Nions
i5 FluxAm(0,I) = FluxAm(i,I)
Porevl = 0.0
If (GolonX) THEN
Write(*,*) ’'---Generating injitial icn-excrange equilibrium---*
Call Exchanrg
Do 20 Idep = i,Nodes
Do 20 Jon = 2,3
20 CldSor(Ion,IDep) = Csorb(lon, idep)
ENDIF
If (Revers) THEN
Write(*,*) ’'---Generating initlal reversible equilibrium-—-'
Do 25 lon = 1,2
If (RatRev(lon,l)*RatRevilon,2).LE.Apprx() THEN
Requil (Ien) = 0.0
ELSE
Requil (Ion) = ThetaS*RatRevi(lon,l)/(RatRev(Ion,2}*3ulkDln)
ENDIF
If (RatRev(ion,4)*Ratrev(lon,S).LE.Apprx0) THEN
NoFixd = .true.
ELSE
NoFixd = .false.
ENDIF
Do 25 Idep = 1!, Nodes
If (Requil(lon) .GT.AgprxC) T
Adsorb(ion,idep! = Requiliicn}*Cdissvilcn, lzes)*~
& RatRev (Ion, 3)
If (Adsorb(lon,Idep).LT.Apprx0) Adsorp(lon, lcep)=Apprx0
ELSE
Adsorb(Ion,Idep) = 0.0D+00
ENDIF
Bound (Ion, Idep} = 0.0
OldBnd(lon, Idep) = 0.0
BdOpen (Ion, Idep) = .true.
If (NoFixd) THEN
Fixsrb(lon,ldep) = 0.0
ELSE
FixSrb(lon,ldep) = RatRev(Ion,4)*Adsorb(Ion, Idep)/
& RatRev{lon,3)
If (FixSrb(lon,Idep).LT.Apprx0) FixSrb(lon,Idep) = Acprx0
ENDIF
OldFix{Ion,Idep) = FixSrb{lorn, ldep)
25 Continue
ENDIF
Do 60 1 = Q,Nions
FlowIn(l) = 0.0D+00
60 FLowOu () = 0.0D+00

Do 65 1 = 1,Nions

(3] Srbout {I) = 0.0
Tine =0.0
DtSpan = (1.0/DtStep + 1)*(DtMax/2.0+DtMin)~DtMin

Write(*,*) Rlabel
Do 70 Ion = 1,2
If (Uselon(Ion}) THEN
Aline = Solute(lon) (1:5)//":’//'Diss.’
If (RatRev(lon,l)+RatRev(Ion,2).GT.Apprx0)

& Aline(12:22)='<-->Physi-5’

If (RatRev(Ion,4)+RatRev{Ion,5).GT.Apprx0}

& Aline(23:33)='<-=>Chemi~5’

I1f (RatRav(lon,6).GT.Apprx0)

& Aline (34:42)~’>-->Bound’
If (RatRev(Ion,7).GT.Apprx0)

& Aline(38:54)="Bound<-{1}-<Diss.’
Write(12,") ! *//Aline
Write(*,*) Aline

ENDIF
70 Continue
LekDwn = 11
Goto 110
Call EndPgm{’Parameter file not
Retum
END
SUBROUTINE GetPar

100 found’)

C
C This routine reads the start parameter file

C=
INCLUDE ‘Hydrazin.CMB'
Logical AtEOF
CHARACTER Ftable*l5,Fisoth®*l5,lLabel*8,Rest*65, Dumny 80
Read(10,1000) Fprint
1000 Format (A)
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iread trhe run parameters!

istability criterion establishes

{zero the various accumulatcrs!

iread the file name for the output

floor!

& open that

filei




,Sratus="New’)
print)) . "3RK’
T tn,Statoss ' NIX') .open tnhe 37C file-
Open(lnit=14,FilesFprint (l:lextnt{Fprint))//'PRF",Status='NEA" copen
WRITE(12,1010) Char(l2) iwrite a simulation report heading}
210 Format(A,3lX,'Hydrazin(e) {ium) Transport - VER. 872929 '
& '~ DR.S.A.BLOOM',/,1X,"+’,128('="),"+",/,
'y This (s a finlte difference program capable of handl’,
&'ing 4 species in a single soil-layer column. It features:’,/,
&' «<1> Dissolved & sorbed phases of Hydrazine, Hydrazinium & Ca’
&’lcium and Oxygen concentrations’,/,
&’ <2> Hydrolysis; AutoOxidaticn; Microbial Degradation; Sorpt
4 a
‘

cn (Reversible & Reversiblel, and lon-Exchange using ©

’£ixed Valocchi Model’,/,

o weeswwo_o> [AST MACOR REVISION -- Cct. 12,1987 Ce--sr
’

,

e

’

DR.S.A.BL0CM FOR CZR. R.S.MANSELL - SOIL SCIZNCE CZERT,IFAS ',/,
+f,L28('="), "+, /,28X, ' SIMULATION PARAMETERS: ', /)
Write(l2,1000) Fprint {now read § echo tne various parametersi
Call ZchoSt (Rlabel)
Call EcroRl {Column}
Call EchoRi{TmStop)
Ca.l EZchoRl (Thetas)
Call EchoRl ({ConSat)
Call EchoRl(Bulklrn)
Call EcheRl (Disper)
Call EcnhoRl (Sponge)
1030 Format {(A,G12.5,A,Gi12.5
Call Ecnolo(GolonX)
Nions = 4

S

Solute(Q) = 'Water’
Solute(l) = ’N2H4'
Solute(2) = ’'N2HS5+’
Solute(3) = ‘Car+’
Solute(4) = 'Oxygen’

SCa2iy = 0.0
If (GolonX) THEN
Call EchosSt (Fisoth
Cpen (Unit=20,File=Fisoth, Status='0LD’ ,Err=300)
Write(12,1030) ’ Selectivity File: '//Fisoth
Write( *,1030) ’ Selectivity File: ’//Fisoth
Read (20,1000) Dummy
Call strCap(DUmmy)
If (Dummy(l:5).EQ.’"VALOC*} THEN
Read (20, *,ERR=300) SCa2Hy
Write{l12,1045) ’'Selectlivity Ca~>N2H5+: ’,S5Ca2Hy
write(*,1045) ’'Seectivity Ca->N2KS+: ’,SCaldy
1045 Format (10X,A,G12.5)
ELSE
Call EndPgm{(‘Valocchi Model must be used')
ENDIF
Close(20)
ENDIF
Call Echolo{Revers)
Do 5 Ion = 1,2
If (Revers) THEN
Call Echolo{Kinetctlon))
1f (.Not.Kinetc(Ion)) THEN
Write(l2,*) ' Equilibrium Sorption will be used for ’,

I3 Solute{lon)
ELSE
Arite(l2,*) ' Kinetic Sorption will be used for ’,
§ Solute(Ion)
ENDIF
ENDIF

Do 5 Irate = 1,7
If (Revers) THEN
Call EchoRl (RatRev(lon,irate)
ELSE
RatRev(lon,Irate) = 0.0
ENDIF
S Continue
Call Echolo(Irrevs)
Do 10 Ion = 1,2
If (Irrevsj THEN
Call EchoRl (RatIRv(lon)
ELSE
RatlIrv{lon}) = 0.0
ENDIF
10 Continue
Call Echolo(Microb)
Do 15 lon = 1,2
Do 1S5 lrate = 1,4
It (Microb) THEN
Call EchoRl (Rmicrb(lon,lrate))
ELSE
Rmicrb(lon, Irate) = 0.0
ENDIF
1> Continue
Call Echolo (AutoOx)
Do 20 Ion = 1,2
Do 20 Irate = 1,3
TE IResanyy TUTY
Call EchoRl {RautoX{lon, IRate)})
ELSE
RautoX(lon, [Rate) = 0.0
ENDIF
20 Continue
Call Echolo(Hydrol)
If (Hydrol) THEN
Call EchoRl (BasepH)
Call EchoRl {AmbrpH{l))




aoan

Q00

If (AwmonpH{l).5T.3ase?n) Call Ina?gmi’pH value > base value’
ELSE
3asepH = (.0
AmbnpH i) = 9.2
ENDIF
Call Zcholn(Nspecs)
If (Nspecs.GT.Maxset) CTall EZncaPgm(’Too many boundary sets’)

Do 50 1 = 1,Nspecs
Call EchoRl (Collep(I})
Do 45 J = 1,Nions
Call EchoRl{Collon(I,J,1))

If (ColIon(I,J,1).57.1.0E~06.AND.C.LE.2.AND, . Revers
& Write(*,*) ’'~=--®KARNING: GT 2 N2H4 or N2H5+ concentration’
& ’+ reversible sorption should not be used---'

If (S.GE.2.AND.C.
11 EchoRI(CECFIx}
Calil EchcRl (GridAm)
Call EchoRl (Dt)
DX = GridAM
NCDES = NINT (COLUMN/IX)+2
If (Nodes.GT.MaxNod) Call
CX = CCLUMN/ (NCZES-2
StMin = 0.0
StMax = Dt
Call ColSet
Call Echoln(Nflux)
If (Nflux.GT.Maxsez)
Jo 33 1 = I,Nflux
Call EchoRl(FluxTm(IV)
Call EchoRl (FluxAm(I,C})}
FluxAm(I,0) = FLuxAm(I,90)/3600.0
Write(12,1045)' Imposed flux --> cm/sec=',FluxAm(I,{)
If (1.GT.1.AND.FluxAm(I,0).NE.FluxAm(l,0)) Call EndPgm(
& ‘Changing fluxes are not allowed in a steady flow sysctem’)
Do 55 Ion = 1,Nions
Call EchoRl(FluxAm(I,Ion)
{ConSat .NE.FluxAm(1l,0)) THEN
ConSat = FluxAm{l,0)
Arite(12,1045) 'Saturated Conductivity reset to ’,Consat
ENDIF
Veloc = ConSat/ThetaS$
Call Echoln(Nrepr
If (Nrepr.GT.Maxrep)
D0 60 I = 1,Nrepr
Call EchoRl (TmRepr(l))
(TMREPR(NREPR) . LT.TmStop) 7
NF R = NREPR + |
TMREPR (NREPR) = Tmstcp
ZNDIF
TmRepr(0) = 0.0
Do 61 I = 1,Nions
Call EchoRl(Scale(l))
Call Echolo(FeedBk)
Call Echoln(Icheck)
Call EchoRl (Tlevel)
Call Echeln(Itrlim)
If (ItrLim.GT.30) Call ErndPgm{’Iterative Limit must <= 31°)
Call EchoRl (DtStep)
Call EchoRl (FloorP)
65 Closel(lld)

Call EchoRl(Collon(I,J,2))

LE.3)

Zna?

gm{’Toc many noces’)

Call ZnaPgm(’Too many filux sets’)

55

184

Call EZndPgm(’Too many reports requested’)

62

61

Write(12,1050) Icheck,TLevel,Itrlim, DtStep,Floor?
1280 rFrormat(’ External abort check =',112,/,
& ' Iterative Tolerance Limit = ',G12.5," ( &)',/,
& ! Iterative Pass Maximunm = !, 12,7/,
& ! Step Amount for Dt change = ',Gl12.5, (frac)’,/,
& ! Effective Zero Value power= ',Gi2.5)
Apprx0 = 1.0*10**FloorP
RETURN
300 Write(*,*) ’'Isotherm f{le: ’'//Fisoth//' not found'!. Pgm Aborts.’
Stop
END

SUBRQUTINE DepBrk

(Depth,NsetAb,Matchs

INCLUDE ’‘Hydrazin.CMB'
Logical Matchs
Matchs = .true.
IF (Depth.LT.ColDep(l)
NsetAB = |
ELSE IF (Depth.GT.ColDep (Nspecs)
NsetAb = Nspecs
ELSE IF (Cepth.GE.Collep(l) .AND.Cepth.LE.ColDep{Nspecs))
Matchs = . false.
Do 10 J = 1,Nspecs
IF (Depth.GT.ColDep (J) .AND.Depth.LT.Collep(J+1}) Goto 30
IF {(Depth.EQ.Collep(J)) Goto 20
Continue
Matchs = .true.
NsetAb = J
ENDIF
Return
END
SUBROUTINE ColSet

) THEN
THEN

THEN

controls

INCLUDE ‘Hydrazin.CMB'
Oimension Conclin{MaxNod)
Character Datype(2)*4
Logical Exact

249

isearch all specifled leveis
{ depths - here bracceted
{ unless an exact match is possible

for brackering
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Zata DaTyre/’Z:
Zc 43 lgn = 1,
Uselon(lIon)

Co 40 Ispec = [,2

DO 20 I = 1,Nodes

Cepth = (I-1.%

)

IF (Exact) THEN

ConcIn(I) = Collon{(J,Ion,Ispec)

ELSE

Xdiff = ColDep(l+l)
2Slope = (CollIon(J+i,

Inter = CollIeni(J-l

flnter

Concin(l) =

If (CABS{Concin(I)) .G

Continue

-X
Call DepBrk (Cep:th,

IF (lspec.EQ.l) THEN

DO 30 1 = !, Nodes

0ldDis(lon, I
Coissv(lon,I

)
)

ConeIn(l)
= ConcIin(l)
ELSE IF (Ispec.EQ.2)

If (lon.GE.2.AND.Ion.LE.3)

DO 35 I = 1,Nodes

Csorb(lon,
QldSori(Ion
Z.so

v

L)

Do 36 I = i1,Noaes
Csorb(lon, I}
Oldsor(lon,I)

ENDIF
ENDIF
Continue
Do 50 Ion = 1,Nions
Csorb(lon,l)
Csorb(Ion, Nodes)
OldSor(lon,l}
QOldSor (lon, Nodes)
So 60 I = 1,Nodes

Qo wo

=bnpH(I) = Ambnpd (1)

Do 60 Ion = 1,2

= (.0

(SRR

on, Ispec)-Collon(J, Ion, Ispec))
/

- Pslope * Collep(J+l)

Adsorb(lIon,l) = C.0
60 CldAds(Ion,I) = 0.0
Return

ZND
UBRCUTINE TRIDIM

This routine solves a tri-diagonal

{determine depth frem surface

{following i{s for bracketing interpolation

.levels

INCLUDE ‘Hydrazin.CMB’
DIMENSIon A (MaxNod),BETA (MaxNod),Y (MaxNed)
A(l) = DIAGON(1)
BETA (1) = SPDIAG(1)/A(l)
Y (1) = RESULT (1) /A (1)
0O 201 I = 2,Nodes
A(I) = DIAGON(I) - SBDIAG(I) * BETA(I-1)
BETA(I) = SPDIAG(I}/A(I)
201 Y(Iy = (RESULT (1) =SBDIAG(I)*Y(I-1})/A(I}
Result (Nodes) = Y (Nodes)
3C 203 I = 1,Nodes - 1
J = Nodes -~I
203 Result (J) = Y(J) = BETA(J) * Result( J+1)
RETURN
END
SUBROUTINE 3RkOut

This routine appends data to the breakthrough file.

INCLUDE ’Hydrazin.CMB'
Dimension Divsor (MaxIon)
Crnorml = Ctotal (Nodes-1}
Do 10 Ion = 1,Nions
If (Uselon(Ion) .AND.CABS(Scale(Ion)).GT.1.0E-36) THEN
Divsor(lIon) = Scalel(lon)
ELSE
Divsor(lon) = Cnorml
ENDIF
19 Continue
Arite(13,1400) PoreVl, (Cdissv(J, Nodes-1}/Divsor(J)
& +J=1,Nions)
1400 Format (7G12.5)
TmLast = Time
Return

ND
SUBROUTINE BrkRep

INCLUCE ‘Hydrazin.CMB’
DIMENSIon TMOUT (200),3RKTHR (MaxIon,2060),Xout (201}, Yout (20%)
Character Label*8,Rest*65
Logical NotEqu
Close(l3)
OPEN(UNIT=13,FILE=FBrkth,STATUL="0LD")
IBRK = 0
10 Ibrk = Ibrk + 1
Read (13,1000,END=20) TmCuti{Ibrk), (3zkThr(l,br},I=.,Nicns
000 Format (7Gl2.5)
IF (IBRK.LT.200) Goto i0
Ibrk = Ibrk + 1

This routine reads the backup Breaxthrough file and converta the data

ldetermine current normaiity at the botteom!

{if using this fon & there ls a scale value!
(then use that value, otherwise use normality!

{note cthe time of the last 3TC point generation!

o a plot data

ithe file will be opened and the data-set read!

‘read in the 7ime & the conzertrations)

fup to 201 ocpservations)




trnen pe ciscarded ang the data reccraed:
le of sarme narme put different formatz!

CPEN(UNIT=13,FILE=F3rktn, STATUS='NEW")
Rest = Riapel (1:65)
20 30 Ion = !,Nions
If (Uselon(lon)) THE
Nobs = 1
Xout (1) = TmOut (1}
Youtr {l1) = BrkThr{lon,!)
Jo 30 I = 2,Ibrk~-i
I£(NotEqu(BrkThr{lon,I~1),BrkThr(lon,1),B8rkThr(lon,I+1)))
& THEN
Nobs = Ncbs - L
Xcut (Nobs) = Tmout (it
Yout (Nobs) = BrxThri{lIon,I)
ENDIF
30 Continue
Nobs = Nobs + 1
Xout (Nobs) = Tmout (Ibrk)
Yout (Nobs) = BrkThr{lcn, ioz«)
Laktel = Solute({lon) (1:8)
Call WritDP(Latel,Rest,Nobs,Xout,Youz,13)
ENDIF
5¢ Continue
TLSE
Rewind (1)
WArite(l3,%) 'No Data Available’
ENDIF
Close(il)
Return
END
Double Precision Function Ctotai(Idep)

INCLUDE ’'Hydrazin.CMB'
Ct = 0.0
DO 10 [on = 1,3
10 Ct = Ct + Cdissv(Ion,ldep)
Ctotal = Ct
Returm
IND

SUBRCUTINE Filval (Avaliue,ValNew,ValOld)

This routine fillters value
INCLUDE ’'Hydrazin.CMB'
Character Avalue®l2
IF (ValOld.GT.Apprx0) THEN

Call SetChr(Avalue, 100.0*(ValNew-ValOl:), valOld
ELSE
Avalue = ’ Undefined’
ENDIF
Return
END
SUBROUTINE SetChr(String,Value

a0

This routine translates a value into a string of characters. [f the ABS(value) is less than Apprx(, the string is set
o blanks.

(RS Ne X}

: UDE 'Hydrazin.CMB'
CHaracter String*i2
IF (ABS(Value).GT.Apprx0) THEN
Write(String,1024) Value
1024 Format {Gl2.5)
LLSE
String = ' [
ENDIF
Return
END
Logical Function NotEqu{Vabove,Value,Vbelow)

the flankers

This function determines whether trhe value is different from

OO0

INCLUDE ’Hydrazin.CMB’
Character AbvStr*l12,ValStr+l12,3elStzr*l2
Write(Abvstr,1000) Vabove
Write(Valstr,1000) Value
Write(Belstr,1000) Vbelow
1000 Format (G12.5)
If (ValStr.EQ.AbvStr.ANC.Valstr.S2Q.BeiStr) THEN
NotEqu = . false.

ELSE
NotEqu = .true.
ENDIF
Return
END
Subroutine Repltr
C This routine reports the lterative values
Comeaa= e e e e e e e e e e 2 e mmmmm e mmm—mmmmmmm e eewa—————m——m e
INCLUDE ’Hydrazin.CMB'
Last = 1

Do 10 I = ],ItrLim
10 If (I=rTrk(I).GT.0.9) Last = I
Write(12,1000) ’Iteration Trace:'
Format(//,A)
Arite(i2,1010) (* <',I1,*:",153C.0*IcrTrk(I)/Irepet, 8>’ ,1=1, Las)
1010 Format {§(A,12,A,Gl2.5,A))
Rezurn

©
o
[
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is routire Ca.uﬁla_es n +./2 va

rhase

INCLUTEZ 'Hydrazin.CM3/

BdMean = (,5*{Bound{lon, Icep) + Cld3nd(Ion, Idep))
Return

END

Double Precision Function FxMean (Ion, Idep)

i phase

Double Precision Function CdMean(Ion, Idep)

This routine calculates n +1/2 value for the dissolved phase
INCLUDE ‘Hydrazin.lM3'
CaMean = 0.5+ (Cdissv(Ion,Idep) + OldCis{Icn,Idep))
Return
ZND
Couble Precision Function AdMear{Ion, ldep)

ne calculates n +.

INCLUDE ’‘Hydrazin.CMB'

AdMean = 0.5+ (Adsorb(Ion,Idep) + OCldAds{(lon,Idep))
Return

END

SUBRCUTINE Mbalck

This routine performs a Mass Balance check

INCLUBE ‘Hydrazin.CMB'
CALL Mbalan

£0 10 Ion = 1,NinUse {for each fon,zotal! up the amount of material
ERRorsilon,l) = O 0o+ C0
If (Uselon(Ion})
CACT(Ion) = CINIT(Icn) + FLOWIN{Ion) izne amount that snou.d ze in Inhe system:!
CPRED(Ion,l}) = TotNew(Ion,.}+TotNow{(lon,2)+TotNow(lon,3)«
4 TotNow(Ion,4)+ TotNow(lcn,S5)+ FLCWCU (Ion) + SroCut (Ion)
IF (CACT{Ior).GT.Apprx{) T

Errors(lon,l}) = L0C.C*(CPRED(Ion, 1} -CACT (Ion)) /ZACT (Icn)

END
SUBROUTINE MBalan

This routine performs the mass balance caliculation by summing up the contents of the column in the 2 phases
IVC ULE ’”ydrazxﬁ cvB’
3ALSOL = J.0D+00
BALSCR = 0.0D+00
20 60 Ion = 1,NinUse
20 10 Itype = 1,5

P~ TotNow(lon,Itype}) = 0.5D+CO
DO 20 l!dep = 2,Nodes-1
if (Ion.LE.2) THEN
TotNow (Ion, 3) = TotNow({lIon,3) + Adsorb(lon, Idep
TotNow({Ion, 4} = TotNow{lon,4) ¢« FixSrb(lion,idep
TotNow{lIon,5) = TotNow(lon,3) + Bound(Ion,Idep)
ENDIF
TotNow(lon,2) = TotNow{lon,2) + Csorb(Ion, ldep)
20 TotNow(lon,1l) = TotNow(lon,1l) + Cdissv(lon, idep) ‘ang that in scliuticn phase corrected for theta:
TotNow(lon,l) = TotNow(lon,i) * Thetas * Dx iscale the solution total by the nodai size}
DO 25 ltype = 2,5
TotNow{iIon, I[type) = TotNow(lon,Itype) * BULKDN * DX iand the sorbed side by bulk density & nodal size!
25 BalSor = BalSor + TotNow(Ion,Itype)
60 BALSOL = BALSOL * TotNowl(lIon,l) {then toal across the lons}
RETURN
END

SUBROUTINE Replon

This routine reports the condition of the column’s lonic state whenever requested.

INCLUDE 'Hydrazin.CMB’

Dimension Comann(MaxIon),Camob{MaxNod), TOTINT (MaxIcn, 5},
& Stuffl (Maxlon),CaTot. (MaxNod),PriNewi{Maxlon,2)
Logical NotEqu,PrtVal

CHARACTER*1S5 Commn: Avalue(5)*12,Blarxs*12

CATA Blanks/’' t/

IF {lrepet.LE.1l) THEN (i€ starting ...}
CALL Mbalck {scan the column =5 establisn initial conditions for
CRGSCL = BalsSOL ¢ mass balance < i

ORGSOR = BalSor
CO i Ion = 1,Nions
init (lon) = 0.0D+00
Do 1 Itype = 1,5

CINIT(Ion) = Cinit(Ion) + TotNow(lor,Itype) isuch as initial conmcentrations for all ions)
1 TOTINT (Ion, Itype) = TotNow(ion,Itype
ENDIF
Hour = Time/2600.0 ‘zrint a Reader block f-r trne report

Day = Hour/24.0
WRITE(12,1020)CHar(12),RLABEL, TIME,HCUR, Day, DX, 07, Nodes, FOREVL
4 IREPET

[
w
[\
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Totali Iterations=’',I9%)
CUMCTIR = 0.0B+C0 «Perform tne CIl error analysisi
20 3 I = 2,Nocdes-l

2O 30 =22

CUMCTR = CUMCTR + Csorb(J,I)

CumCtr = CumCtr/Tloat(Nodes-2)

Call Filval (Avalue(l),CumCtr,CECfix)
WRITE(12,1025) CUMCTR,CECFix,Avalue(l)
L2235 FCRMAT(' Average C=C {n col = !

H 312.3," Zrroze=’ A)
£ (lrepet.3T.0) Call Mbaick (tnen the mass ra_.ance ana.ysis?
INPUT = 0.02+C0
QUTPT = 0.0D+00
DO 4 Ion = 1,Nions

w

2.5,' Specified CZC=’,

i

TINPUT = TINPUT + ¢LCWIN(Icn)
4 TCUTRT = TOUTPT + FLCWCU (Ion)

CRGEST ~ T ORG5CL « CRGSCE icest value for input + orginial amcunts:
BESTES = (TINPUT-OLDINP) + CLIZSOL + OLISRD i{pest estimate for errors since last repor%i
CUMCCN =~ BALSOL + BALSOR + TOUTPT {comparison value for cverall error!
CURCON = BALSOL + BALSOR + (TOUTPT-QOLICUT) icomparison value for errors since last repor%:
StuffT = 3.0
2C 50 Ion = !,Nicns

If (Uselon(icn)) Tf for all icons : are active in

WRITE(12,1030) SCL

lon)

1232 FORMAT (/,32X,'---> Foliowing summary ',
& 'applies to Ion: ’,A,’ <--=',/)
Stuffl{lon) = DABS(Cpred(lon,l) - Cactilon)) {acquire discrepancy values and error valuesi
S=uffT = StuffT + stuffl(lon)
Call SetChr(Avalue(l), 100.0*FLowQu(lon)/
& {(Cinit(Ion)+Flowin{lon)) )
WRITE(12,1C40) FLCWIN(Icn),FLCWOU(lon),CINIT(Ion), {then report the results)
& TotNow(lon, 1} +TotNow(Ion,2),TotNow (I, ) , TetNowllio~, 2},
& Avalue(l)
1040 FORMAT (* Total Flow in = ',Gl10.3,’ Total Flow out = ’,
& G10.3,' Initial storage = ’/,G10.3,’ Present storage= ',
& G.0.3,/,’ ',38X,'Dissolved tctal = ’,G10.3,
& ‘ Sorbed total = 7,Gi2.3,/," Percent left from system (',
& Cut*100/ Initialsinpur) = ',A)
If (Ion.LE.2) THEN
Cail Filval (Avalue(l),SrbCut(Ion),Flowln(lon))
Write(l2,2040)SroCut (Ion),Avaiue(l),Hydrla{lon),Hyd p-T .8}
2040 Format (' Irreversibie sorption accounted for: ',Gl2
& ' % of input adsorbed=’,A,/,’ Hydrolysis: Tozal=’,Gi2.%,
& ' Input=',Gi2.5)
If (Sponge.GT.0.0) THEN
AmLeft=100.0*TotNow(lon, 5}/ (Bulkdn*Dx*Sponge* (Nodes=-2))
ELSE
AmLeft = 0.0
ENDIF
Write{l.,2045) " =Now{lon,3),TotNow(lon,d4),TotNow( on,5),
& amLeft
2245 Format {* Total: Physi-sorbed=',Gl2.5,' chemi-sorbed=',
& G12.5,' Bound=’,Gi2.5,’ %=',Gl2.5)
ENDIF
Call Filval (Avalue(l),Cpred(Icn,l),Cact (lon))
If (Irepec.LE.l) Avalue(l} = ' Undefined’
WRITE(12,1050) CACT({Ion),CPRzD(lon,i},Avalue(l)
1250 FORMAT (¥ Sum of input § i ial conc. = ',gl0.3," Sum of ',
& *stored & outflow = ',G10.3," Zrrorg= -—=-- <A e ")

ENDIF

30 CONTINCE

If (Uselon(l).AND.Uselon(2)}) THEN
WRITE(12,1030) ’Hydrazine * Hydrazinium’
Call SetChr{Avalue({l),100.0*(FlowOu(l)+FLowOu(2}}/

& (Cinit (1) +Flowin(l}+Cinic (2} +Flowin(2))
WRITE (12, 1040)FLCWIN (1) +FlowIn(2},FLOWOU (1) +FlowQu(2),CINIT(L) ~
Cirit {2),TotNow(l, 1) +TotNcw(l,2)+TotNow(2,1) *TctNeow(2,2),

& TotNow(l,l)+TotNow (2,1}, TotNow(l,2)+TotNow(2,2) ,Avalueil)
Call Filval (Avalue(l),SrbOut(l)+SrbCut (2),FlowIin{l)+Flowlin(2))
Write(12,2040) SrblOut(l)+ScpCut (2),Avalue(l),

& Hydrla(l) +Hydrla(2),HydrIn(l) +HydrIn(2)
1f (Sponge.GT.0.0) THEN

Amleft = 100.0*(TotNow(l,5)+TotNow(2,5))/

& (Bulkdn*Dx*Sponge* (Nodes-21})
ELSE
Amleft = 0.0
ENDIF
Arite(12,2045) TotNow(l,3) +TotNow(2,3),TotNow (1, 4) +*TotNow(2,4),
& TotNow(l,5)+TotNow (2,5),AnLeft

Call Filval (Avalue(l),Cpred(i,!)+Cpred(2,1),Cact(l)+Cacz(2))
If (lrepet.LE.l} Avalue(l) = ' Undefined’
WRITE(12,1050) CACT(l)+Cact(2),CPRED(1,])+Cpred(2,1), ,Avalue(l}
ENDIF
Jo 52 Ion = 1},Nions
If (Uselon{lon)) THEN ‘present tne dlscrepancy ara.ysis.
Call Filval (Avalue(l),Stuffl(lon)+StuffT,StuffT)
Write(l2,2050) Solute(lon),Stuffl(lon),StuffT,Avaiue(l)
2050 Format (’ ’',A,’' Mass Discrepancy =',Gl2.3,
' of total discrepancy=’,Gl2.5,’ Error=',A," ¥ '}
ENDIF
52 Continue
WRITE(12,2051}

2058 FORMAT(/,33X,’ ---> Following sumrary ', snRen the overa.. @rrar report
5 'applies to ail lons taken tegether <---',/)
WRITE(12,1052) TINPUT,OLDINP,TCUTPT,SLDOUT, BALSOL, 21258,
11 BALSCR,JLISR3, S5rnCut (1) +SroCut (2}, 21al«

253




s

! current sorbed s:o—age=’
4 Total decayed=',G12.5,°
Cail Fil Vax(Ava'”e(l),yJ'Co'*Srb
ARITE(L2,.053) Avalue(l)
1353 FCORMAT (45X, Error since last report = A}
Call Filval (Avalue(l),CumCon+SrbOut (1) +SrbQut(2),0rgest)
WRITE(12,1055) Avalue(l
1055 FCRMAT (45X, ‘Error since initiation = ', A)
CLDIN? = TINPUT
OLDOCUT = TCUTPT
= BALSCL
= BALSCR
= SrbCut{l) » SrdCuitid)
“ Ei2, 1060)
1060 FORMA.('*' 129 (1H~) ,"+*, /) {now show am image of the coiumni
DO 110 Ion = 1,Nions
If (.Not.Uselon(lon)) Gozo 110
ARITE(12,1100) ’=f

w o

Lico Format (' Ion number & Designation Cepth Time Pore ',
& ‘Volume Dissolved Adsorbea Sorbed Teotal (/q)’,
& Y

Lines = 0
Do 9% I = 3,Nodes-2

39 If {(Notzqu{Cdissvi(len,I-l),Cdissv(leon,I),
& CaissviIon,I-1))) Lires = lines - 1
LinCus = MaxZiv{linres,32)
If (LinOut.LE.0) LinCut =1
o0 100 I = 1i,Nodes
If (I.LE.2.CR.I.GE.Nodes-2) THEN {always prlﬂ’ the top & bottom & any node that is;
Prtval = .true. {different frex its nelghoors}
ELSE
PrtVal = NotEqu(Cdissv(Ion,I-l),Cdissv(ion,I),
& Cdissvi(lon,I+1))
If (MOD(I,LinCut) .NE.O) PrtVal = ,false.
ENDIF
If (PrtvVal) THEN

DEPTH = DX *(I-1.5)
TCMMNT = ' ’
IF (1.EQ.1.CR.I.EQ.Nodes) CTOMMNT
Cail Secv“r(hva ue (1), Cdissviion
Call SetChr(Avalue(2),Adsorb(lon
If {Ion.GE.2.AND.Ion.LE.3) THEN
Call SetChr(Ava.ue(3),Clsorb(lon,
Call SetChr(Avalue(4),ThetasS*C
4 [ulkln + "soro(low,‘)l
ELSE
Avalue(3) = '
Call SetChr{Avalue{4),ThetaS*Cdissv(ion,l)/3u.xCn
ENDIF
WRITE(12,1110)Ion,SCLUTE (Ion), DEPTH, TIME,
& POREVL, (Avalue(Ival),Ival=1,4),COMMNT
lite FORMAT (' *,I1,’ : ',A,4%X,F7.3,F9.1,G15.5,5A)
INDIF
1¢0 CCNTINUE
WRITE(12,1115) '+’
110 Continue

11158 FORMAT (A)
ARITE(12,1100) "=’
20 101 IDEP = 1,Nodes ithen do the sarme fc¢r trne =crallea column:

CAMOB (IDEP) = 0.0D+CO
CaTotl (Idep) = 0.CD
0C 101 Ion = 2,3
CaTotl (Idep) = CaTotl (Idep) +
& ThetaS+*Cdiasv(Ion, Idep) /Bulkln + Csorb(lon, Idep)
W01 CAMCB (IDEP) = CAMOBI(IDEP) +» Cdissv(lIon,ICEP
Avalue(3) = * '
DO 165 I = !,Nodes
If (I.LE.2.0R.I.GE.Nodes-2) THEN
Prtval = .true,
ZLSE
PrtVal = NotEqu{Camob{I-1),Camob(I}),Cameb(I+1))
If (MOD(I,LinOut} .NE.J} Prtval = .false.
ENDIF
1f (Prtval) THEN
DEPTH = DX *(I-1.5)
COMMNT = ’ ’
IF (1.EQ.1.OR,I.EQ.Nodes) COMMNT = ' Not in Column’
Call SetChr(Avalue(l),Camob{I))
Call SetChr(Avalue(4},CaToti (1))
ARITE(12,1110) Ion, ' Comron Anion *,DEPTH, TIME
& POREVL, (Avalue (J),J=1,4),COMMNT
ENDIF
105 Continue
WRITE(12,1115) '+’
Itmptr = Itmptr + 1
RETURN

Subroutine ChkFlx

C This routine handles setting the flux & velocity :1f they should cnange cdurling as «
[ ki - - - - A ] . = s - . Y e o - -t i e -~
INCLUDE ’'Hydrazin.CMB'
IF ((I£ixPt.LE.Q).CR. Cif =his is the ficst tive this routine (s caiiea or
& (Time .GE.FluxTm(If1xPt+l) AND. (1£ixPu+1) . LE.NFLUX)) THEN iit i3 =ime to reset the flux values.. .
IfixPy = IEfLixPL + 1 Cimcrement the flux rir oand reset tre flux § velncoo
JtsStar = .Irue.
Lexlwn = 0

Arite(i2,*) ' '
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Subroutine StiChan

is

OO0

1313

L2t

w

21

routine resets the Ot

INCLIDE 'Pyd-az_n CVB’

LLT.Nflux} THEN
uxTm(Ifixpt+l)-(Time+Dr))/
}

s

£ (Nsteps

€ {Nsteps.l1T7.20)
St = D:'Nsceps'.ﬁs ep + DtMin
Dtlown = .true.

ENDIF

i recalculate the
tMax

p tTo The maximum by tne parareter flle;

CTALTR = .TALSE.

racter Labeli*8,Rest*65,Str/al"7
lrepet.GT. 1) "‘(E\'
Arite(S%:zVal,i000) PoreVi
Format (F7.4)

Rest = Strval//’=~"//Rlabel{i:57) {setup a label-continuatzion text-strinrg!
Do 30 Ion = [,Nions
If (VSelon(lon)) THEN ifor all active ionsi

Labeil = Solute(Ion)(l:6i//’'Ca’

Write(l14,.0i0) Lace’>,Nodes-2,Rest
Format {A,I5,1X,A)

Co 5 Idep = 2Z,Nodes-.

Arite(l4,.020) Ix*(idep~-1.5),Cdissv(lon, ldep) iwrite the depth and the concentratlont
Format (2G12.3)
£z GT.ApprxC) T
lacei(8:8) = X’

Arize(l4,:0.0) Label,Nodes-2,Rest

Zo 1C Idep = 2,Nodes-i

Write(id,1020) Zx*(ldep-1.5),Csorb(lon, idep)

ZINDIF
If (Ien.LE.2) TH
If (RatRev(lon,
Larcel (8:8) =
Arize{ls,1C] Label,
Jo 15 .dep = 2 Nrdes-1
Arite(l4,.1C2C) Tx*(ldep-1.5),Adsorn(lcn, Idep)

e

N

N

*RatRev(Ion,2).GT.Apprx() is a locsely scroec compartment...i
. :

Ncdes=-2,Rest

ENDIF
1f (RatRev(lon,4)*RatRev(Ior,3).5T.Apprx0) EN . b
Label (8:8) = ’'C’ ir

Wrize(14,1310) Lapel,Nodes-2,Res:
Jo 20 Idep = 2,Noces-!
'rl:‘.te(“,‘.OZC) Ox* ({Idep-1.5), ixsrd(lon, laep)
ENDI
It

{Ra:?ev(:on,S)'?a:Rev(fcn,Tl .37 Apprxl) if tnere s a germanwuntly bound comparivent. .

Label (8:8) = '3’ ‘report on Lt

Arize(14,1012) Lacel, Ncses-2,Re:t

Zo 25 Idep = 2,Noces-.
WArite(l4,1320) Tx*(lcep-..3%},80:nd (I, {2ep)
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CHaracter* (") String
Call Strlen(String,length
IF {Length.GT.0) THEN
I = 1,length

Jo 10

£ (s

e

Ret
END
STUBROUTINE STRLEN(STRING, Length)

Subroutine WritDP (Label,Rest,Nobs,X, Y, I0)

1 already open

Impliclit Double precision (A-H,C-2)

Dimension X(*),Y(*)

Character Labei*9,Rest*65

Write(IQ,1300) Lacel,Nops,Rest(l:lenCri (Rest))
Format (A,I5,1%,A)

Arize(ld,1010) (X(I),Y(I},I=1,Nobs
Format (2G12.95)

Rezurm

ilename exte

Characte
Istop =
DO 130 I = 1,len(FilNam)

IF (FLilNam{I:I).EQ.'.’ . CR.FilNam(I:I).EQ.' ') THEN

Istop = I
Goto 140
ENDIF

Contirue
lextnt = Istop
Return
ND
Subroutine Echolo(3olean)

3 routine reads and echos a boolean setting from the parameter

IMPLICIT DOUBL® PRECISICN (A-H,0-2)
Character Ali:rer830,YesNo*3
Logical Bolean
Read(10,1000) YesNo,AlLine
Format (12X, 2A)
Write(12,1000) YesNo,ALine(i:Lenlrl (Aline)
8clean = Str2lol(YesNo)

Subroutine EchoRl (Avalue)

1

his routine reads and echos a real

X2 RR}

G0

IMPLICIT DOUBLE PRECISICN (A-4,0-2
Craracter Aline*80
Read(10,1000) Avalue,Aline
Format (G15.7,A)
drize(.2,1000) Avaiue,Aline(l:.erCr!l (Aline)
Return
END
Subrnutine Echoln(Ivalue)

PLICIT DOUBLE PRECISICN
Character Aline®80
Read(10,1CC0) Ivalue,Aline

Format (I15,A)

wrize(12,1000) Ivalue,., .aell:lenCrl (AlLinre)
Ret .
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e n(Text
Read(12,i000) Aline
1830 Format (A)

Write(l2,12C0) A
Text = Aline(i:l

Returmn

END

Integer Function LenCrl (STRING)

i returns as LENGTH

(l:lenlritAline)}

n{String
= .,Lstlhr
J = LstChr + 1 =
IF (STRING(J:J).NE. ' ') THEN
lLength = J
Goto 20
ENDIF
13 CONTINUE
20 If (Length.LE.D) Llength = 1
LenOrl = Length
RETURN

T this routine converts a yes/no answer into a logical value
Cmamm - S -
Character*(*) Text
Call StrCap(Text)
Call ShEfTxt (Text)
If (Text(1:1).EQ.’Y’) THEN
Str2lo = .tru
ZLSE
Str2Lo = .false.
ENDIF’
Return
END




D. Example of a Parameter files for the Hydrazine program

E2KFstCL.RES  : Filename for results storage
11.9ppm-5 cm/hr cont-Kin- (BTC 24)

30.0 :Column Length (cm)

32400.0 :Time to terminate simulation (sec)
25 :Saturated Water Content
.13889E-02  :Saturated conductivity
1.63 :Bulk Density (gm/cc)

.2694E-03 :Dispersion intercept

0.1105E-02 :Bound Maximum capacity
No :---> Activate lon-Exchange <---
Yes :---> Activate Reversible Sorption <---
Yes :Activate Kinetic Reversible Sorption

0.0 :Hydrazine Rate Coefficient (kf)

0.0 :Hydrazine Rate Coefficient (kb)
1.0 :Hydrazine exponent Coefficient (N)
0.0 :Hydrazine Rate Coefficient (kff)
0.0 :Hydrazine Rate Coefficient (kbb)
0.0 :Hydrazine Rate Coefficient (kp)
0.0 :Hydrazine Rate Coefficient (kq)

Yes :Activate Kinetic Reversible Sorption
0.100E-02 :Hydrazinium Rate Coefficient (kf)
0.500E-02 :Hydrazinium Rate Coefficient (kb)

1.00 :Hydrazinium Exponent Coefficient (N)
0.300E-03 :Hydrazinium Rate Coefficient (kff)
0.700E-03 Hydrazinium Rate Coefficient (kbb)
0.0 :Hydrazinium Rate Coefficient (kp)
0.100E-02 :Hydrazinium Rate Coefficient (kq)
No :---> Activate Irreversible Sorption <---
No :---> Activate Microbial Degradation <---
No :---> Activate Auto-Oxidation <---
No :---> Activate Hydrolysis Conversion <---
1 :Number of boundary condition specs

0.0 :----> Depth (cm) <----
.0 :Hydrazine in solution (meg/cc)
.1E-09 :Hydrazinium in solution (meg/cc)
.0 :Hydrazinium sorbed (meq/g)
.01 :Calcium in solution (meg/cc)
.0 :Calcium sorbed (meq/g)
.0 :Oxygen in solution (meg/cc)
.0 :Cation Exchange Capacity (meq/g)
25 :Dx = Nodal increment (cm)
50. :Maximum Dt (secs)

1 :Number of flux changes during run
0.0 :Time (sec) of flux change
5.0 :Flux (cm/hr) imposed
.0 :Hydrazinium in solution (meg/cc)
.23771E-03  :Hydrazine in solution (meg/cc)
.01 :Calcium in solution (meg/cc)
.0 :Oxygen in solution (meg/cc)

1 :Number of reports to be generated
32400.0 :Report to be generated (sec)
1.0 :Divisor scale factor for breakthrough
.23771E-03  :Divisor scale factor for breakthrough
.01 :Divisor scale factor for breakthrough
10 :Divisor scale factor for breakthrough

No :Feedback for debugging

100 :abortion check periodicity
0.10 :Tolerance Limit in percentage

20 :Number of passes before iterative failure
.50000000E-01 :Increment for Dt - fractional
-30.0 :Power for approximately zero value

Yes :Activate the two-site model




APPENDIX C
COMPUTER CODE FOR TWO-DIMENSIONAL MODEL

Computer Code for Twe-Timensional Model
Program for Creating Two-Timensiona! Boundary Conditions File (MHD)

Program SysMak

(]

Dimension Head(41l,41),Solute(41,41),Surfac(4l), Seep(4l),
& Orain(4l)

Integer Surfac, Seep,Drain,Row,Col

Character Title*80,Finput*l5

Logical AskQus,DranOn, SeepOn,Surfln,AltHed,AltSol

c Page(’Create 2-C MHD file’) iInitialize paging routines:
. Cail GenraliTitle,Dx,Finput,Ncols,Nrows, Hval, Sval, {get general description of system!
3 DranCn, SeepOn, SurfOn,AltHed,AltSol)
DO 30 I = 1,Nrows {set seep & drain to non-existence}
Seep{I) = 1
Drain(I) =1
Do 30 J = 1,Ncols {and matrices to uniform valuesj
Solute(J,I) = Sval
30 Head {J,I) = Hval
Do 35 J = 1,Ncols {and the surface toc = single zone!
33 surfac(’) =1
I1f {SeepOn) Cal. SeepDf (Seep,Nrows) {define the seep)
If (DranOn) Call JranDf{(Drain,Nrows} {define the drainj
If {SurfOn) Call Surflf(Surfac,Ncols) idefine the surface zores:
I{f (AltHed) Call Alter(’Head ', Head,Ncols,Nrows) {set up special head regions}
If (AltSol) Call Alter(’Solute’,Solute,Ncols,Nrows) {set up special solute regions}
Call PrtDat (Title,Dx,Ncols,Nrows,Surfac, Seep,Drain, {create the MHD file}
& Head, Solute)
If (AskQus(’Rerun program?’,.false.,22)) Goto 1
END
Subroutine Genral (Title,Dx,Finput,Ncols,Nrows, Hval, Sval,DranOn,
& SeepOn, Surfon,AltHed,AltSol)
~
Save

Dimension Answer(l2),Query(l12),String(12)
Character Title*80,7input*15,String=80,Query~80
Logical AskQus,DranOn, SeepOn,SurfOn,AltHed,AltSol, BadvVal,
& Rel2lo,Error
Real LoZ2Rel
Sata Nitems/12/,LlenQry/50/,Query/
7050182 Title’,
'0602S? File name’,
'08031I? Number of columns (3..40)7,
090412 Number of rows (3..40)‘,
*1005R? Overall head value’,
‘1106R? Overall solute value’,
*1307LD A seep zone exists’,
‘1408LD A drain zone exists’,
1509LD Multiple surface zones exist’,
*1710LD Head subregions exist’,
1811LD Solute subregions exist’,
*2012R? Node spacing (cm) (=Dx)’/
Data Answer/65.,15.,4%0.,5*2.,0./
Badval = .false.
Call Menril (LenQry,Nitems,Query,Answer,sString, .true.)
Title = String(l)
Call strlen(Title,Length)}
I1f (Length.LE.l) Title = "No title given’
Finput = String(2)
Call strLen{Finput,Length)
If (Length.LE.Q) THEN
Badval = .true.
ELSE
Call OpnFil {Finput,12,’NEW',2rror
If (.Not.Error) Goto 10
Badval = .true.
ENDIF
i0 If (BadvVal) THEN
String(2) = 'BAD NAME!'
Goto 1
ENDIF
Ncols = NINT (Answer (3))
If (Ncols.LE.3.OR.Ncols.GT.40) THEN
Query (3) (6:6) = r2/
Goto 1
ENDIF
Nrows = NINT (Answer (4))
If (Nrows.LE.3.OR.Nrows.GT.40) THEN
Query(4) (6:6) = ' 2’
Goto 1
ENDIF
Hval = Answer(5)
Sval = Answer(6)
Seepon = Rel2lo(Answer(7})
DranOn = Rel2lo(Answer (8)})
SurfOn = Rel2lLo (ANswer(9))
LtHed = Rel2Lo(Answer (151}
AltSol = Rel2lo(Answer(ll))
Dx = Answer(l2)
If (Dx.LE.0.0) THEN

L NN S A

b

(3]
w
O




yll21(6:6) = 72

Return
ZND
Subroutine SeepDf (Seep,Nrows)

«Q

Dimension Seep(4l),Answer (3),Query(3),5tring(3)
Character Query*80,String*80
Integer Seep
Data Nitems/3/,LenQry/60/,Query/

& ‘0700CC Definition of a seep {left side of system)’,
& "10C0LlI? First row in n the seep (>1)',

& '1202I? Last row included in the seep (<xx)‘/
Write{Query (3) (40:41),1000) Nrows

1060 Format (12}

1 Call MenFil {LenQry, Nitems,Query,Answer,String, .true.)

If (NINT{Answer(2)).LT.2.OR.NINT(Answer(2)).GT.Nrows-1.0R.

& Nint (Answer (2)) .GT.NINT(Answer(3))} THEN
Query(2) (6:6) = '?2/
Goto 1

ENDIF

If (NINT(Answer(3)).LT.2.CR.NINT{Answer(3)).GT.Nrows-1) THEN
Query(3) {6:6) = 2
Goto 1

ENDIF

Co 10 I = NINT{Answer(2)),Nint (Answer(3)

10 Seep(I) = 0

Return

END

Subroutine DranDf (Drain,Nrows

0a

Dimension Drain{4l),Answer(3),Query{3),String(3)
Character Query*80,String*80
Integer Drain
Data Nitems/3/,LenQry/60/,Query/
& ’'0700CC Definition of a Drain (right side of system)’,
& '1001I? First row included in the drain (>1)7,
& ’12021? Last row included in the draln (<xx)’'/
Write ({Query (3) (41:42),1000) Nrows
1000 Format (I2)
1 Call MenFil{LenQry,Nitems,Query,ANswer,String, .true,
If (NINT(Answer(2)).LT.2.0R.NINT(Answer(2}).GT.Nrows-1.0R.
& Nint (Answer (2)) .GT.NINT (Answer(3))) THEN
Query(2) (6:6) = *2'
Goto 1
ENDIF
If (NINT(Answer(3)).LT.2.0R.NINT(Answer{3)).GT.Nrows-1) THEN
Query(3) (6:6) = ’2¢
Goto 1
ENDIF
Do 10 I = NINT{Answer(2)),Nint (Answer (3)
10 Drain(I) = 0
Return
END
Subroutine SurfDf (Surfac, Ncols)

(ol e]

Dimension Surfac(il), Test (41)
Character Aline*40,Zone"2
Integer Surfac, Test
Logical AskQus
DO 1 I = 1,Ncols
1 Tesc (I} = Surfac(l)
Nzone = 1
5 Call Notice(’The current surface is set to:’,.true,,S)
Call vtab(7)
Write(*,1000) (Test(I},I=1,Ncols)
1000 Format(4(’ 1’,8%X,’ 6’,8X),/,40(1X,11))
10 If (AskQu: (‘Do you wish to alter the zone definitlion? (Y/N}: N’
& //Char(8),.false.,10}) THEN
Nzone = Nzone + 1
If (Nzone.GT.S5) THEN
Call Wamin{’'There can only be S5 or fewer zones’,.false.,12)
Nzone = Nzone - 1

ELSE
Write(Zone,1005) Nzone
1005 Fermat (12)
15 Call Notice(’\\Enter lst and last column for zore ‘//Zone//
& t; *,.false.,12)

Read(*,*,Err=15) Icsl,ics2
If (Ic¢sl.GT.1cs2.0R T~31.LT.1.0R.Ics2.GT.Ncols) Goto 15
00 20 I = Icsl,Ics2
20 Test {I) = Nzone
1f (l1cs2.LT.Ncols) THEN
DO 25 1 = Ics2+l,Ncols
25 Test (I} = Nzone + 1
ENDIF
ENDIF
Goto 5
ENDIF
DO 30 I = ],Ncols-1




If (Test(I).LE.0.CR.Tesz (I).GT.3.0R.Test (I).GT.Tesz (I+1})

& THEN
Call warrnin(’Zones are out-of-order or < i or > 5!/,
& .false., %)
Goto §
ENDIF

3¢ Continue
Do 35 I = 1,Ncols
35 Surfac(I) = Test (I)
Return
END
Subroutine Alter(Which,Data,Ncols,Nrows)

Jimension Zatai{dl,4l)
Character Which*é
Integer Row,Col
Logical AskQus
1 Call Notice('Do you wish to specify a zone of different values’,

& .true., )
If (AskQus(’'for the '//Which//' matrix? (Y/N): N'//char(8),
] .false.,6)) THEN
10 Call vtab(8)
Write(*,1000) ' 1lst & last columns
1000 Format {* 2lease enter’,A,': ', \)

Read({*,*,Zrr=.0) Icsl,Ilcs2

If (Icsi.GT.1cs2.CR.Icsl . LT.1.0R.Ics2.GT.Ncols) Goto 10
20 Call Vtab(l0)

Write{*,1000) * 1st & last rows'

Read(*,*,Err=20) Irsl,Irs2

If (Irsl.GT.Irs2.OR.Irsl.LT.1.0R.Irs2.GT.Nrows) Goto 20
30 Call Vzab(l2)

Write(*,1000) ‘ region’'s value’

Read (*, *,Err=30) Rval

Call Vtab(i$)

WArite(*,1010) Which,Icsl,Ics2,Irsl,Irs2,Rval

1010 Format (’ The ‘,A,’' matrix from cols *,I2,7..',1I2,
& ' & rows ‘,12,’..',12,' will be set to ',Gl2.5)
If (AskQus(’'Is this correct? (Y/N): Y'//char(8),
& .false.,22)) THEN

DO 40 Col = Icsl,lcs2
DO 40 Row = Irsl,Irs2

40 Data(Col,Row) = Rval
ENDIF
Goto 1
ENDIF
Return
END
Subroutine PrtDat (Title,Dx,Ncols,Nrows,Surfac, Seep,Drain,Head,
& Solute)

(o]

(2]
1
]

Dimension Head(41l,41),Solute(4l,41),Surfac(4l),Seepi{4l),
& Drain(4l)
Integer Surfac,Seep,Drain
Character Title+*80,Finput*15,Aline=132
Write(12,1010) Title
1010 Format (A)
Write(12,1020) Ncols,Nrows,Dx
1020 Format (215,G12.5
Arite(l12,1030) (Surfac(l),I=1,Ncols)
1030 Format (3X,10(5X,I2,5X)
If (Ncols.GT.10) THEN
Istop = 10
ELSE
Istop = Ncols
ENDIF
Do 130 I = 1,Nrows
If {Ncols.GT.10) THEN
Write(Aline,1035) Seep(I), {Head(J,I1),J=1,10)
1035 Format (1X,11,1X,10G12.5)
Call Strlen{Aline, Length)
Wwrite(12,1010) ALine(l:Length)
Nstop = 10
12% Nstop = Nstop + 10
Nstart = Nstop - 9
If (Nstop.GT.Ncols) Nstop = Ncols

Aline = * ¢
Write(Aline,1040) (Head(J,I},J=Nstart,Nstop)
1040 Format (3X,10G12.5)

If (Nstop.LT.Ncols) THEN
Call strlen{Allne,Length)
Wri- (12,1010) Aline(l:Length)
Goto 125
ELSE
Call StrLen(Aline,Length)
Write(Aline{Length+2:Length+2),1045) Drain(l
1045 Format (11}
Write{l12,1010) Aline(l:Length+2)
ENDIF
ELSE
Write(Ailne, 1035 Seep(l}, (Head(J,I},J=i,Ncols}
Call Strlen{Aline, Length)
Write(Aline(Length+2:Length+2),10435) Drain(l)

261




Arize(12,1C010) Aline(l:Length-2)
ENDIT
Continue
Jo 135 I = [,Nrows
Write(l2,1iC40) (Solute(J,I),J=l,Ncolsi
Close(l2)
Rezurn
END




1 TACISHAP
Flow Sir

ensional Transient Water & Solut

3.lxdn Bulk Density (gm/cc)
Cact Total Solute which entered the system plus what was there origirally
CapMin Minimum value the water capacity will be allowed to assume
Cdissv Solute concentration (meq/cc)~-dimensloned as (2,0:MaxCol+l,0:MaxRow+l)
Cinitc Total amount of solute at the start of the simulation
Cnow Current actual total solute concentration at a given point in time
Col Column index
ConSat Saturated conductivity (cm/sec)
Cored Total solute in the system plus that which left at a given point in time
Diagon 'B’ coefficient used in the Thomas algorithm ~-- dimensiored as (Maxlol)
Cispz?l Intercept coefficient for dispersion eguation
Cisprl Slope coefficlent for dispersion equation
DranMn Node at which the drain started
DranMx Node at which the drain ends
ot Current time interval (sec)
tZown Boolean which indicated that the Dt value is decreasing
Ctmax Maximum Dt value (sec)
Detmin Minimum Dt Value (sec)
Dtstar Boolean which indiz .te¢s that the Dt value is to be changed

The increment that Dt increases

Nodal spacing (cm)

Zxponent used in non-linear retardation coefficients

Filename of the Breakthrough file

Mass balance accumulators for water & solute input --dimensioned as (0:2)

Mass balance accumulators for water & solute output --dimensioned as (0:2)

Times (secs) at which flux values change ~--dimensioned as (MaxSet)

Filename of the file which will hold the ouzput matricea

Filename for the results reports

Gravity factor (l=gravity on, 0 = off

Pressure head (cm} =--dimensioned as (3,0:MaxCol+l,0:MaxRow+l)

Counter which tracks the number of points in the BTC curve

The number of iterations between checks on external abort commands

Integer pointer which indicates which flux values are current

Counter of the number of Dt Steps which have taken place

The maximum number of iterations attempted during any convergence attempt

Array which tracks the relative frequency of various iterative values --dimensioned as (0:1,0:20
Boolean which indicates that the Dt is fixed at DtMin

Maximum number of columns in the system

Maximum number of reports

Maximum number of rows

Maximum number of parameter sets

Number of columns in simulation

Number of flux changes occurring during the full simulation

Number of reports occurring during the simulation

Number of rows

Surface zones (l1..?) for a given column --dimensioned as (Maxcol)

B8oolean indicating whether the drain is open or not --dimensioned as (MaxRows)

Flux values (g*Dx/2) half a node above any node --dimensioned as (MaxCol,MaxRow}

Flux values (q*Dx/2) half & node below any node --dimensioned as (MaxCol,MaxRow)

Flux values (q*Dx/2) half a node to the left of any node --dimensioned as (MaxCol,MaxRow)
Flux values (q*Dx/2) half a node to the right of any node --dimensioned as (MaxTol,MaxRow)
Boolean indicating that the surface i{s a reflection boundary

Boolean indicating that the IFLXPT report is to include head values --dimensioned as (0:MaxRep)
Boolean indicating that the IFLXPT report is to include absolute solute values --dimensioned as (0:MaxRep
Boolean indicating that zhe I[FLXPT report is to include theta values --dimensioned as (0:MaxRep
D' coefficient of the Thomas Algorithm --dimensioned as (MaxCol

Run label

Row index

Boolean indicating that the IFLXPT report is to include solute concentration values --dimensioned as (0:MaxRer)
Pointer indicating the next report

'A' coefficient of the Thomas Algorithm --dimensioned as (MaxCol)

Temporary holder of solute values --dimemsioned as (MaxCol,MaxRow}

IFLXPT concentration of solute at the seep --dimensioned as (MaxSet)

Node at which the seep started

Node at which the seep ended

IFLXPT flux at the seep --dimensioned as (MaxSet)

Temporary holder of head values --dimensioned as (MaxCol,MaxRow)

Retardation coefficient

Solute Error (%)

Boolean indicating that the solute is frozen

Maximum expected solute concentration anywhere in the system

Character strings of ‘Water’ and ’'Solute’ --dimensioned as (0:1)

'C* coefficient of the Thomas Algorithm --dimensioned as (MaxCol)

Boolean indicating that the iterative tolerance criterion is applied without exception
IFLXPT concentration of solute at the surface in the indicated zone --dimensioned as (MaxSet,MaxSet
IFLXPT flux at the surface in the { :dicated zone --dimensioned as (MaxSe%t) (MaxSet,b MaxSet)
Vector containing coefficients need to calculate Head-Theta-Conauctivity relations --aimensioned as (S)
Theta*Dispersion value above any node --dimensicned as (MaxCol,MaxRow)

Theta*Dispersion value below any node --dimensioned as (MaxCol,MaxRow)

Theta*Dispersion value to the left any node --dimensioned as (MaxCcl,MaxRow)
Theta*Dispersion value to the right any node -~dimensioned as (MaxCol,MaxRow)

Saturated Water content

Current time (secs)

Tolerance level (%) used to determine when two consecutive guess are close enough

The time of the last report

The times at which reports are to be generated --dimensiocned as (0:MaxRep)

The time between successive BTC curve points

The time to stop the simulation

The initial water content plus all water that entered the system

Error (%) for water (based on Theta)

Boolean indicating that the Water {3 at a steady state

The initial water content

The current water content

The current water content . us whatever left the system
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Common Blocks (INCLUZE Iile) for TWCISWA?P

C Common dlock for twodSolu

Implicit Double Precision (A-H,C-2}

SAVE

Parameter (MaxCol=51, MaxRow=5l, MaxSet=5, MaxRep=10)

Common/Comchr/Rlabel,Fprint,Fmatrx,Solute(0:1),Fbrkth

Common/Contzl/CapMin, Dispr0,Disprl,DtDown,Dtmin, Otmax,DtStar,

DtStep, Dt,Dx,ExpLin, Feedbk, GravFe, Ibrk, Icheck,
Irepet,Itrlim,IczTrk(0:1,0:30),LckDwn, Nrows,
Ncols,OpenDr (MaxRow) ,Reflct,Rtime,S1SrbC,
Strict,SolFix,SoiMax,Time, Tlevel, Tmstop, NatFix

Common/Zones/SeepMn, SeepMx, Nzone (Maxcol),DranMn, DranMx

Common/Flux/Fluxtm(MaxSet) ,Nflux,IfixPt,TmSpan,

& SurfQ (MaxSet,MaxSet),SurfC(MaxSet,MaxSez),

& SeepQ (MaxSet), SeepC (MaxSet

Common/MassBl/FlowIn(0:2),FlowOu(0:2) ,WatErr,Winit, Wact,Wpred,

Wnow, SolErr,Cinit, Cact,Cpred, Cnow

Common/Matrix/Head (3, 0:MaxCol+l,0:MaxRow+1},

Cdissv(2,0:MaxCol+l,0:MaxRow+l),

Shead (MaxCol,MaxRow} , Sdissv (MaxCel, MaxRow},
Qimhj (Maxcol,MaxRow),Qiphj (MaxCol,MaxRow),
Q4 jmh (MaxCol ,MaxRow) ,Qijph (MaxCol,MaxRow) ,
TDimhj (Maxcol,MaxRow), TDiphj(MaxCol, MaxRow),
TDiimh (MaxCol,MaxRow) , TD{ jph (MaxCol,MaxRow}

Common/RepDat/Nrepr,RepHed (0:MaxRep) ,RepSol (0:MaxRep},

& RepThe {(0:MaxRep), TmRepr (0:MaxRep), Tmlast,

& RpConc (MaxRep)
Common/Soil/Bulkdn, Table (5), Thetas,ConSat
Common/TrilDat/SbDiag(MaxCol},Diagon(MaxCol), SpDiag(MaxColl,

& Result (MaxCol}

Character Rlabel*80,Fprint*15,Fmatrx*15,Solute*l6,Fbrkth*1l5
Integer Row,Col,Rtime, SeepMn, SeepMx, SurfMn, SurfMx,DranMn, DranMx
Logical FeedBk,DtStar,RepHed,WatFix,RepThe,DtDown,RepSol, RpConc,

& SolFix,OpenDr,Reflct,Strict
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lence 08/0C 3/“5
.aqram with Retarzed Sclute

NCLUDE ‘Twodswap.cmb’

Logical Redo,Abort,Stopit,FlrOvre

Data Fizdvr/.trie./

Call Page(’Two-Dimensional Transient Water & Solute Flow'}
Call StartR

Tall SerlTl
A-o:: = Steplcd

Cail RQCQ::

iinitialize the program utility name}

{acquire the run parameters i initialize the systenm!
i lize the flux and Theta-Ilispersion vajiuesj
tialize tne external acor: sys:e

soenditions of

vzecord L

sTarc

Call \o:ice(?label ue.,3)
Cmmmmmme REPEAT Bt bt
Call ChkFlx {impose the initial flux/head conditions:
10 Call DtChan {check whetner It neecs cnanging!
Redo = .false. idon't have tC redec tne water wnen starting a Tt ster
TIMZ = TIMEZ + DT {increment the clock}
IREPET = IREPET + i increment the iterat.on ctcunter;
If (.not.Abort.AND.MOD(Irepet,Icheck).EQ.9) Abort = Stuplit{} {check if external aport desired}
Call ChkFlx {check for flux changes'
A{Ibrk+l )'TﬁRep:(V'eus)/ZOO 0.CR.Aborz) Call BrkOut (& save breax:inru info cerics iy
TMREPR (Rtime) .CR.Abort) Call Report(.true.) ‘creck if a Report is reeced
22 T.AND.Time.LT.TmStop) TH
Cail Watlitr(Ipassi Wazer - reac p'ess;:e
Call Se:QT \sec the flux & the:a-CTispersicn val.es:
Call Solitr(Redo,Jpass,CdMax} {simulate the solute movement
If (Redo) Goto 20 {if solute failed, ,: cwanqea, S0 rego water!
Call MBUpDt {update the mass ba.ance trackers
If (Ipass.GT.0) ItrTrk(Q,Ipass) = ItrTri{C,Igass) + 1 {note the number of eratlons neecedi-water
If (Jpass.GT.0) ItrTrx(i,Jpass) = I::Trx(l,Jpass) + 1 {note the number of eraticns ~eedec—:o;_.ev
If (Feedbk.CR.MCD(Irepet,25).EQ.0.CR.Irepet..E.15)Call Mbaicx i{periodically Report th ilance errcrs.
If (CdMax.GT.SoiMax.AND.FirOvr) THEN (if there nas Deen an overrun ~f selute § I
Call Report(.false.)} {the first time, tnen jenerate a repcrt}
FirOvr = .false.
ENDIF
ENDIF
NTIL et ~~
(.Not.Abort .AND.Time.L.T.T=Stop) GCTC 1C izntil the termiral time 18 atzal
Calli 3rxRep {compiete the BTC file and Regort <
Call Repltr traces as well as material leaving
Write(l2,1030) FlowIini2),Tlcewlu(2}
1388 Tormat(/,’ Negative accummulators: In=',312.5,' Cur=',3Gi2.3

CLCsE (12}
IND

SUBRCUTine Watltr(iterat)

[of
INCLUDE ‘Twodswap.cmb'’
Logical DoMore,InSeep,Stable
If (.Not.WatFix) THEN {1f the water system is still in "&lux’:
Stable = .true. {initially set stable flag o true!
30 5 Row = QO,Nrows+«l {for all nodes - including imaginary ones
Do 5 Col = O,Ncols+]
Hchang = Head(3,Col,Row)-Head (1l,Col, Row) {for each node, determine the N->N+| difference
1f (DABS({Hchang).GT.1.0D=-C6) Stable = .false. {if Lt is "significant’, Stac.e is false:
Head (1,%Zo0l,Row) = Head(3,Clol,Row) itransf er the data from N+l -> ¥ and j
Head {2,Col,Row} = Head(3,Clol,Row) + Hchang/2.23C5+00 {extrapolate the changes inid> -he futire as the:
S Head (3,Col,Row) = Head(3,Clol,Row) + Hchang {first guess
If (Stable) THEN {if the system was foura to be stable (no head crarge!:
Nstable = Nstable + 1 {increment the stability counter
If (Nstable.GE.5) THEN tif it has happened 5 times in the row,...}
WatFix = .true. {conclude that the sysTtem has reached a steady state:
Arite(*,1005) Time, Irepet {fix the water as it stands & notify the user;
Write{(l2,1005) TIme,Irepet
1905 Format (! =~-->STEADY WATER SYSTEM ACHEIVEZD at ',3512.5,I5)
ENDIF
ELSE
Nstable = 0 {otherwise set the stability counter zo 0}
ENDIF
ENDIF
If {WatFix) THEN {if the system is fixed, iteration is 0, o-herwise..!}
Iterat = 0
ELSE
Nopen = 0 {the number of times the drain has attempted to ocgenj
Ntrys = 0 {the number of trys at getting a convergent soutioni
9 Nopen = Nopen *+ 1
Nreset = 0 {get ready to track reset efforts & iterative fallures!
10 Nreset = X eset + ]
15 Ifail = 0
20 Iterat = 0
25 Iterat = Iterat + | {count the :number of passes in trying to get a
convergence}}
Ntrys = Ntrys + |
Do 30 Row = 1,Nrows {for all real rows in the system, solve for heads
30 Call WatRow(Row) ffrom N -> N+1}
Do 35 Col = 1,Ncols {then update the future with the resu.its:
Zo 3% Row = | ,Nrows
35 Head {3,Col,Row) = Shead(Col,Row)
Call FxBndH {set the boundaries as required;
DifMax = 0.0D+00
Co 40 Col = 1,Ncols {for all real columns in tne syste~m, 30lve for heads
from}
40 Call WatCol (Col,DifMax) tN -> N+, update and set the bouncaries as reauiredi

Tol

l,NceoLs
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o 42 Rew = L ,Nrows
43 eaz2(3,lol,Rcwi = Sneacilcl,Row)

im*3) Return 1if tre total numper of passes >
;01 fMax)) Goto 25 iLf a convergen:t solution is n

again
If (iterat. lunless the iterative limit Is exceedea. In that
case. b
Ifail = Ifail + 1 {increment the failure counter, change Dt to DtMin or}
DtStar = .true. {even lower 1f IFAIL > 1, set the fallure counter, flag!}
Call D:Chan ithe failure and try again at the new Dt}
t = Du/Ifail
IteTrk(0,0) = I=rTrki(0,0) + 1
1233 o S:=',F8.3,’ Time=',G12.3
{ ibur den’t faill more znen twiced
If {if there is a drain....}
DO 50 Row = DranMn,DranMx (for evary row within the drain zore...
If (Cpenlr (Row) .AND.Head (3,Ncols,Row) .LT.0.30+CC) THEN {1f the drain is open b the head is regative!
OtStar = ,true. ithe heaa must have osc ated from + to -, tnen
St = Dt/2,0D+3¢C ihalve the Dt and try again}
If (Nreset.LE.S5.CR.MCD(Nreset,5) .E£8.0) Write(r,1033) rallow 5 attempts at damping the oscillation:
& Time, Nreset,Dt
1030 Format (* Negative overshoot at drain at ’,F10.2,
5 ! Nreser=',12,' Dt=',Gl2.5)
Soto 10
ELSE If (.Not.CpenDr{Row)) T iif ¢ is clased...}
HedAvr = 0.5% (Head (1,Ncols,Row) +Head (3,Ncols,Rew)) tcheck n d gscen Ly examining ine:
If (HedAvr.GE.Q.0D+30C) THEN ithe average head at the crain. If is > 0.0 & < 1.0:
If {HedAvr.LE.1.0D+CQ) THEN
OpenDr (Row} = .true. {open the drain (permanently), imposed a nhead cf.
Head (3,Ncols,Row) = 0.08D+00
Head (3,Ncols+]l,Row) = 0.0D3+00 {0 at the drain and notify the user of tne actiont

Write(*,*) ' Drain ',Row,' opened at iter. ', Irepet
WArite(l2,*) ' Crain ',Row,’ opened at .ter. ',Ireget

ELSE {it overshot (got too positive in a single 2t), sc
Arite(*,*) ' Dt reduced in anticipation of drain ‘', {reduce the Dt and try again:
& Row,’ opening'
Dt = Dt/2.0D+00
If (Nopen.LT.10) Goto 9 {but only 9 times or fewer}
Opendr (Row) = .%rue.
ENDIF
ENDIF
ENDIF
50 Contince
EN2IT
Co 55 Col = 0,Ncols+l {for all rodes, insure that head at N+¢!/2 is
2o 55 Row = 0,Nrows+} {the average cf N ang Ne.}
5% Head (2, Row,Col} =
& (Head (1,Row,Col) + Head{3,Row,Col))/2.0D+00
ENDIF
Return
END

SUBROUTINE WatRow (Irow)

- - R — —————— e em c

aan

This routine solves the water equation row-wise (across columns for a given row)

INCLUDE 'Twodswap.cmb’
Logical InSeep,InDran
DxSqbt = 2.0*Dx*Dx/Dt
Do 40 Col = 1,Ncols ifor all internal nodes - deter
Cdipni = AvrCon( Col , Irow ,Coirl, Irow ,2) fconductivities as a functicn
Cdijph = AvrCon( Col , [Row , Coli ,Ilrow+l,2)
AlphaT = DXsqDt*Cslopel
& {Head (1,Col, IRow) + Head{3,Col,Irew))}/2.0D+CC ) {slope term is average of current +« guess;
If (Inseep(Izrow} .AND.Col.ZQ.1) THEN {Flux-Seep equation}
Cdiimh = AvrCon( Col ,Irow-l, Col , Irow ,2
CdSum = Cdiphj + Cdiimh + Cdiiph
SbCiag(l) = 0.0D+00
Diagon(l) = AlphaT + CdSum
SpDiag(l) = -Cdiphj

Result(l) (Cdiimh y*Head (1, I, IRow=1) +
& (AlphaT - CdSum )*Head({l,l, i[row ) +
[ (Cdi iph ) *Head (1,1, IRow+1} +
& {Cdiphj ) *Head (1,2, Irow) +
[ (Cdi jmh ) *Head (3,1, IRow=1) +
& (Cdiiph ) *Head (3, ., IRow+1l) +
& 2.0*Dx* (Gravfc® (Cdidmh-Cdijph) + SeepQ(Iflxpt))
ELSE If (.Not . Reflct.AND.Irow.EQ.l) THEN {Flux=-Surface Zquation}
Cdimhi = AvrCon(Col-1, Irow , Col , lrow ,2)
CdSum = Zdimhj + Cdiphj + Cdiiph
SbDiag(Col) = -Cdimhj
Diagon(Col) = AlphaT + CdSum
SpDiag(Col) = -Cdiphj
Result (Col) = (AlphaT - CdSum ) *Head(l, Col ,1) +
& (Cdi iph } *Head (1, Col ,2) «
[ (Cdimhy } *Head (1l,Col=1,1) +
§ {Cdiphj y*Head (1,Col¢l, 1) »
] (Cdi iph )*Head (3, Col ,2)
& 2.0*Dx* (-GravFc+Cdijiph + SurfQ(Nzone(Col),Iflxpz)}
ELSE {normal internal eguation}
Cdimhj = AvrCon(Col-l, Irow , Col , Irew ,2)
Cdi jmh = AvrCon( Col ,Irow-l, Col , Irow ,2)
CdSum = Cdimh} + Cdiphj + Cdijmh + Cdiipn
SbDlag(Col) = ~Cdimhj
SpDiag(Col) = -Cdipn}
Diagon(Col) = AlphaT + CdSum
Result (Col) = 2.0*Gravic®0X® ldidmn - Catiipry o
& (Cdi jmh Y*Head (1,Col, IRaw=-1) +
1 (AlphaT - CdSum )*Head(l,Col, Ircw ) -«
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Spliagil)
SbDiag(l)

) *Heaa {3, Col, IRow~1
) *Head {3, Col, [Row+l)

nue

= SbDiag(l)
= 0.0D+CO
If (InDran(lrow).AND.OpenDr(Irow})

+ SpDiag(l)

THEN

SbDiag(Ncols) = 0.0D+00
Diagon(Ncols) = 1.0D0+00
Result (Ncols) = J.0D+00

ZLSE

Skliag(Nco.s) = Spliag{Ncols}) - Spliagi{Nccls
ENDIT

SpLiag(Ncols) = 2.02+00

Call TriDim(Ncols}

Do 130 Col = 1,Ncols

{special case for an open drain node}

{solve for next head arrayi
{for all nodes in tridiagonal solution &}

133 SHead (Col, IRow) = Res: {transfer results to & holding array!
Retum
SUBRCUTINE Watlol (Icol,lifMax)
C This routine performs the column calculations for the water eguation
'Twodswap.cmp’
Logical InSeep
ZxSqlt = 2.0*Tx*Tx/lt
Jo 40 Row = ], Nrows ifor all internal noces !
Cdijph = AvrCon( Icol , Row , Icol ,Row+!,2)
Cdiphd = AvrCon( Icol , Row ,Icol+l, Row ,2)
AlphaT = TXsqDt*Cslope(
& (Head (1, Icol,Row) + Head(3,Icol,Row))/2.32D+(0
If (Icol.EQ.1.AND.InSeep(Row)) THEN {seep £lux boundary}
Cdiimh = AvCon( Icol ,Row-1, Icoi , Row ,2)
CdSum = Caipni + Cdiimh + Cdiiph
SbDiag (Row) = —-Cdiimn
Diagon (Row) = AlphaT + CdSum
SpDiag (Row) = ~Cdijiph
Result (Row) = (AlphaT - CdSum j*Head(l,1, Row ) +
] (Cdiphi )"Head(l,2, Row ) +
& (Cdiimh ) *Head (1, 1,Row~1) »
& (Cdijph ) *Head (1,1,Row+l) +
& (Cdiphj ) *Head (3,2, Row ) +
H 2.0"Dx* (GravFc* (Cdi imh Cdijph) + SeepQifixpt)}
ELSE [f (.Not.Reflct.AND.Row.ZQ..1} THEN isurface fl.x Bcuncary’
Cdimhi = AvrConi(lcol~-i, Row , Icol , Row ,2
CdSum = Cdimhj + Cdiphj + Cdiiph
Sbliag(l) = 0.0D+00
Diagon(l) = AlphaT + CdSum
Spliag(i) = -Tdijph
Result(l) = (Cdimnj ) *Head (1, ICol-1,1) +
& {AlphaT - CdSum )*Head(l, ICol ,1) +
& {(Cdipnj }*Head (1,ICol+l,1) +
& (Cdiiph ) *Head (1, ICol ,2) +
& (Cdimhj }*Head (3, ICol~-1,1) +
& (Cd!phj ) *Head (3, ICol+1,1) +
& 2.0*Dx* (~GravFc*Cdi jpn + SurfQ(Nzone(lcol),If.xpt))
CLSE {normal internal equationj}
Cdimh} = AvrCon(Icol-l, Row , Icol , Row ,2)
<cdijmh = AvrCon( Icol ,Row-l, lcol , Row ,2)
CdSum = Cdimhj + Cdiphj » Cdiimn + Cdiiph
SbbDiag(Row) = -Cdiimn
Dlagon (Row) = AlphaT + CdSum
SpDiag (Row) = =Cdiiph
Result (Row) = (Cdiimh j *Head (1, ICol, Row=1) «
& (AlphaT =~ CdSum )*Head(l,ICol, Row ) +
& (Cdi jph }*Head (1, ICol,Row+i} +
& (Cdimhj ) *Head (1, [Col~1,Row} +
& {Cdiphi )*Head (1, ICol+1,Row) +
& (Cd. -hi } *Head (3, ICol~1,Row) +
& (Cdiphj }*dead (3, IC0l+]1,Row) +
& 2.0*GravFc*DX* (Cdi jmh - Cdijph)
ENDIF
40 Contlnue
If {(Reflct) THEN (if the surface i3 a refliection bourdary!
SpDiag(l) = SbDiag(l) + SpDlag(l) ithen amnipulate the coefficientsi
Result (1) = Result(l) *+ Gravfc*Sbdiag(l)*Cx
SbDiag(l) = 0.0D+00
ENDIF
Result (Nrows) = Result {Nrows) - Gravfc*Spdiag(Nrows) *Dx {the bottom is always a reflection boundary:
SbDiag(Nrows) = SbDiag(Nrows) + SpDiag(Nrows)
SpCiag(Nrows) = 0.0D+00
Call TriDim(Nrows) isoive far nex: head array & scan for wax errsor
Do 130 Row = ],Nrows
If (Head(3,Icol,Row) .EQ.0.0D+00) THEN
Error = 0.0D+00
ZLSE
Error = 100.0D+00*DABS{ (Result (Row)-Head (3, Icol,Row))/
& Head (3,icol,Row) )
ENDIF
If (Error.GT.DifMax) DifMax = Error
130 SHead (Icol,Row) = Resul: (Row) {store results in a hoider array’
Return
END
SUBROUTINE Solltr(Redo, [terat,CdMax)
C This routine coordirates the (terative solutlion of the solute eguation

INCLUDE 'Twodswap.cmb’
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20

3 v

Cchang = Cdissv(2,lol,Rowi=Calissv(l,Clo., Rew!
Cdissv(l,loi,Row) = Cdissv(2,Coi,Row}
Cdissv(2,Col,Row} = Cdissv(2,Col,Row)
If (.not.Rede) Ifail = 0
Iterat = 2
lterat = ltera% +
Co 30 Row = 1,Nrows
Call SolRow(Row!
Jo 33 § i
2C 33 Row =
Cdlssv(2,Col,Rew) =
Call FxBnds
DifMax = 0.0D+C0
Co 4% Col = 1,Ncols
Call SolCcl (Col,DifMax)
CdMax = 0.02-C0
2o 45 Joil = I,Ncols
DO 45 Row = 1,Nrows
I1f (Sdissv(Col,Row}.GT.CdMax) CdMax = Sdissv(Col,Row)
Cdissv(2,Col,Row) = Sdissv(Col,Row)

Tx3ndS
(CoMore(lte
(Iterat.GE.!
Ifail = Ifall + 1

DtScar = .true.

+ Cchang

Sdissv({Cel,Row)

REXES]

all
<
]

rive(~,1029)

i o, Time
Format {’ Solute Failed D=’ ,FB.3," az ",Gl2.3
Tf (Ifail.LT.2) THEN

SUBRCUTINE SolRow(Ircw)

This

routine solves row-wise across all ¢

{for a given row,

tf the so.ute is nurmper of

irczern,

iotnerwise determire differcnce from n
iextrapo.ate from n->n+l/2 & n->nel fo

{if not trying <o recveoer from an iterative failure}
icalculate n+l estimates row-wise, then column-wise}
{updating the n+! array from the holding array at!
ieach half-step anaz reszting the zoundaries!

internal nedes fsr fne maxiTmim sollte salie:
cneckea against the largest exgectecd:
for overruns}

{scan the
i{which wiil be
{value to tes:

ceonverjence nas yet To oCTur
the iteraz limix

e limit
ithe Dt & redo the water soluticon
i{step before coming back to this r
ithe sclute:}

@

e

LS

"o

® e

N

INCLUTE 'Twodswap.cmb'
Logical InSeep
DxSglt = 2.0D+00*Dx*Dx/Dt
So 40 Col = 1,Ncols
Alpha = DxSqDt*Theta (Head(2,Col,Irow)) *Retard(Col, Irow)
If (InSeep(Irow) AND.Col.EQ.1) THEN
Bl = SeepQ(Iflxpt)*Dx/2.00+00

TDSum = TIDiphj(l,Irow) + TDiimh(l,Irow} + TDiiph(l

+ 2.0D+C0"Bl = Qiphi(l,Irow) + Qiimn(l,Irow) =
SbDiag(l}) = 0.0D+00
Ciagen(l) = Alpha + TCSum
SpSiag(l) = - TDipnhi(l,Irow) + Qipnj(l,Irow)

Result (l) =
{T0iimh(1l,Irow) +Qiimh(l,irow) ) *CDissv(i,.,iRow=1) +
(Alpha - TDSum 1 *Cdissv (i,
{TDijph(l, Irow) -Qiiph(l,Irow)) *Cdissv (i,
(TDiphj(l,Irow) -Qipnj(l, Irow) ) *Cdissv(l,
(TDLimh (1, Irow) +Qiimh (1, Izow)) *CDissv (2,
(TDiiph(l,Irow)~Qliph(l,izow))*Cdissv(2, !, Row+l) ~

4.0D+00*Bl*SeepC(Iflxpt)
ELSE If (.not.Reflct.AND.Irow.EQ.1l) THEN
B3 = SurfQ(Nzone(Col),Iflxpt)*Dx/2.0D+00
TDSum = TDimhj{(Col,1l) + TDiphj(Col,1l) + TDiiph(Col,l) +
Qimhj(Col,1) = Qiph3i(Col,1) + 2.0D+00%B3 - GiiphiCol,l)

SbDiag(Col) = - TDimhji(Col,1) = Qimhi(Col,l}

Diagon(Col) = Alpha + TDSum

SpDiag(Col) = - TDiphj(Cel, 1)

Result (Col) =
{Alpha -~ TDSum JeCdissv(l, Col ,1)
(TDijph(Col,l)~Qiipn(Col,l ) *Cdissv(i, Col ,2)
{TDimn3j(Col, 1) +Qimh}(Col, 1)) *Cdissv(l,Col=-1, )
{TDiphiiCol, 1) -Qiph}(Coi, 1)y *Cdinsv(]l,Col+l, )
(TDL¢ph(Col, 1) -Qiipr(Col, V) *Cdissv(2, Col ,2

4.00+00*B3*SurfC(Nzone(Col), Iflxpt

+ Qiphj(Col, 1)

e s ot

ZLSE
TDSum = TDimnhj(Col, Irow)
T4 imh{Col, Irow} Toijph{Col, Irow}
Qimhy(Col,Irow) - <Cighi(Col,IRow) +
Qiimh{Coul, Irow) -~ Ciipn{Col,lrow)
SbDiag(Col) = - TDimhj(Col,row) - Qimhi(Col,izow)
Diagon(Col) = Alpha + TDSum
SpDiag(Col) = - TDiphj(Col,Irow)
Result (Col) =
{TD1 imh(Col,lrow) +Qljmn(Col, Irow) ) *CDissv (l,Col, IRow=-1)
{Alpha - TDSum )*Cdissv(l,Col, Irow )
(TD1 iph(Col,Irow)~Ql iph(Col, Irow} ) *Cdissv(l,Col, IRcw-!
{(TDAmh3iCol, Irow) +Qimhj(Tol, Irow) ) *Cdissvil,Col-1, IRcwl
(TDiphj(Col,lrow)-Ciphi(Coi, lrow))*Cdiasv(l,Col+l, [Row)
{TDi jmh(Col, Irow)+Ciimh(Col, Izow) ) *CDissv(2,Clol, iRow-1)
(701 dpn(Col, lirow) -0l iph{Col, Irow)) *Cdissv (2,Col, [Raws )

.

TDipnhjiCol, irow)

+ Qiphi(Col, Irow)

b e e vy

(flux seep eguatiosni

iflux surface equation!

{normal interna. eguationt




[REZES!

1

1.0

{Resuls(Tol). CToly =
Sgliag(ly
Szliag (i}
SbCiagiNcois) = scllag(Ncols)
Szliag(Ncgla) = 0.0D-CO
Call Tridim(Ncois)
Jo 130 Col = 1l,Ncola
If (Result(Col).LT.0.0) Result(Col)
Sdissv(Col,IRow) = Result {(Col)
Retum
END
SUBROUTine So0iCol (Icol,DifMax)

joj Resulz
)} - Sgliagill

+ Spliag(Ncols)

= 0.00+00
30

isolve for next Cdissv arrayl
{put results into a holding array}

v

tine so.ves column-wise

{for a given column down all

the rows)

LUDE  'Twodswap.comb'
Logical InSeep
DxSqDt = 2.0D+00*Dx*Dx /Dt
2o 40 Row 1,Ncows
Alpha = DxSgDt*Theta{Head(2,Icol,Row})*Retard(Icol, Row!
If (Icol.EQ.1.AND.Inseep (Row)) THEN
81 = SeepQ(Iflxpt)*Cx/2.0D+00
TDSum = TDiphJ)(l,Row) + TDijmh{l,Row)

INC

+ TDilph(l,Row)

1 + 2.0D+0C*Bl - Giphi(l,Row) + Qljmh(l,Row} - Qijph(l,Row)
SbDiag(Row) = -TDiimh(l,Row) = Qiimh(l,Row)
Diagon(Row) = Alpha + TDSum
Spliag(Row) = =TDijph(i,Row) + Ciiph(i,Row)
Result (Row) =
& {Alpha - TDSum )*Cdissv(l,1, Row ) -
& (TDiphi(Icol,Row) -Ciphj({Icol,Row))*Cdissv(l,2, Row)+
H (TD1 jmh {Icol,Row) +Qijmn (Icol,Row) ) *Cdissv(l,l,Row=1} +
& (TDi iph (Icol,Row) -Qiiph{icol,Row)) *Cdissv(l,1,Row+l} +
& (TDiphj (Icol,Row)=Qiphi(Icol,Row)} *Cdissv(2,2, Row)+
& 4.0D+00*81*SeepC{Iflxpt)
ELSE If (.not.Reflct.AND.Row.EQ.l) THEN
33 = SurfQ(Nzone(ICol),Iflxpt)*Dx/2.0D+00
IDSum = TDimhj(ICol,l) + TDiphi{ICol,1) + TDiiph(ICol,l) +
& Qimhj (ICol,1) ~ Qiphj(ICoi,l) + 2.0D+00*B3 - Qijph(ICol,!)
SbDiag (Row) = 0.0D+00
Diagon(Row} = Alpha + TCSum
SpDiag{(Row) = -TDiiph(Icol,l) + Qiiphilcol,l)
Result (Row} =
& {ITDimhj(Icol,l)+Qimhi(Icol, 1)) *Cdissv(l,Icol~1,1) +
& {Alpha - TDSum }*Cdissv(l, ICol ,1) +
& (TDiphi(Icol,i)-Qiphi(lcol, 1)) "Cdissv(l, lcolel,l) »
5 (TDisdph(lcol, 1) -Qiiph{lcol, 1)) *Caissv(l, Icol ,2) =
& (TDimhy (Icol, 1) +Qimhi(Icol, 1)) *Cdissv(2,Icol-1,1} +
H {TDiphj(Icol,l)~1phi(Icol,1))*Cdissv(Z,Icol+i,i) =+
& 4.00+00*83*SurfC(Nzone(ICol), Iflxpt)
ELSE
TDSum = TO{mh{{(ICol,Row} + TDiphiy(ICol,Row) +
3 TDijmh(ICol,Row) + TDijph(ICol,Row) +
& Qimhj(ICol,Row) ~ Qiphj(ICol,Row) +
3 Qtfmh(ICol,Row) ~ Qiiph(ICol,Row)
SbDiag(Row) = =-TDijmh(Icol,Row) - Qlimh{Icol,Row)}
Diagon (Row) = Alpha + TDSum
spliag (Row) = ~-TDijph(lcol,Rowi + Qijph(Icol,Row)
Result (Row) =
& (TDimhj(Icol,Row) +Qimhj(Icol,Row) ) *Cdissv(l, Icol-1,Row)
H (Alpha - TDSum }*Cdissv{l, ICol ,Row)
& (TCiphj(Icol,Row)-Qiphj(icol,Row)}*Cdissv(i, Icol+l,Row)
5 (TDiimh {Icol,Row} +QLlimh({Icol,Row) ) *Cdissv(l, Icol,Row~1)
& (TOL jph(lcol,Row) =Qiiph({Icol,Row} ) *Caissv{]l, Icol,Rowrl)
& {TDimhj (Icol,Row) +Qimhi (Icol,Row)) *Cdissv(2, Icol-1,Row)
& {(TDiphj (Icol,Row) -Qiphj(Icol,Row) } *Cdissv(2, icol+1,Row)
ENDIF +
40 If (Result (Row).LT.-1.00-08) Result (Row) = 0.CD+00
If (Reflct) THEN
Sppiag(l) = SpDlag(l}) + SbDiagtl)
SbDiag(l} = 0.0D+00
ENDIF
SbDiag(Nrows) = SbDiaqg(Nrows) + SpDiag(Nrows)
SpClag(Nrows) = 0,0D+00

Call TriDim(Nrows)
Do 130 Row = ], Nrows
If (Resulc{Row).LT.0.0) Result(Row) = 0.0D+00
If (DABS(Result (Row)~-Cdissv(2,Icol,Row)).LE.]1.0D-06.0R.
Cdissvi{2,lcol,Row) .EQ.0.0) THEN
Error = 0.00+00
ELSE
Error = 100.0D+00*DABS(
{Resui. (Row) =Cdissv (2, Izol,Row)) /Cdissv(2,lcocl,Row) }
ENDIF
If (Error.GT.DifMax) Dif¥Max = Error
Sdissv{Icol,Row) = Result (Row)
Return
END
SUBRoutIne MBUpODt

30

{flux seep eguation}

iflux surface eguazion’

{normal internal equationi}

DR RN

{if the surface is a reflection boundary,

30 treat

{solve for next Cdlssv array-scan for max error}
{and place results into the helder arrayi

T

his routine updates the mass balance accumulators

INCLUDE ’Twodswap.cmb’
Logical Abort
Abort = .false,.

If (SeepMx.GT.0) THEN
Do 10 Row = SeepMn, SeepMx
Aatln = Dx*Dt*SeepQ(Iflxpt)
WatMax = Dx*Dx*(ThetaS-Theza (Head(2,1,Row)})
T¢ (WatMax.LT.WatIn} THEN
Write(12,2000) ‘Seep’,datIn,da.Max

269

f{if there is a seep - for all rows withi{n the seep:
{determine amount of water entering!

(check for exceeding the avai.acle)
ireceptive capacity of the soil at
I{# i+ rd-as, sound a warning)

the scep!




+ danln
+ Warin*SeepC{Ifixpt)

owin($)
owin{l)

DranMx.GT.0) THEN

Do 20 Row = DranMn, DranMx

1f (OpenDr(Row)) THEN
Hatcut--“"ConSa:'(Head(Z,Ncols*I,Rcwl-Head(Z,Ncois,Rcw])
1€ (WatCut.lT.0.0D+C0) THE

Arite(*,1010) Time,Wa:rOut,
5 4ead(2,Ncols,Row) Head (2, \cols*l,?ow}
2l Tormat (' Water eﬂ ering at drain at ',F10.2," = ',
H 12 5,7 512.%
FlowOu(2) = FLOHCu(Z) » Aazlut
#atdut = 0.0D+00
ENDIF
Flowlu(l) = Flowlu(0) + wWatluc

= FlowQu(l)
Ncols ,Row)

Watlut *
« Cdissv(l,

FleowCull)
(Cdissvi(2,
ENDIF
Continue
INDIF
Co 25 Col = l,Ncols
Aatin = Ox*CTreSurig
WatMax = Dx*Dx* (ThetaS~-
15 (HatMax.LT.WatlIn) TH
Wrice(l2,2000) 'Sur‘uce
Aport = .true.
ENDIF
FlowlIn (0}
FlowIn(l)
If (Abort)
TmStop =
Cail Reporct(
ENDIF
Abort =

Ncols ,Row))/2.02+C0

20

{(Nzene (Colt, Iflxpt)
eta(Heaa({2,lol, )1}

WAz In, Ko.Max,” Column=’, Lol

= FlowIn (3}
= Flowin{l) «+
THEN

Time - Dt
.false.)

+ Watin
WatlnT"Surfl

~
v

(Nzone ({Col),Iflxpt)

[eEERSNS]

.false.

SUBROUT

This routine sets the flux arrays &

INE SetCT

theta-Dispersion arrays ar

a0

INCLUDE  ’Twodswap.cmb’
_cgical InSeep
alter = Dx/2.0D+00

Jo 20 Ir = 1,Nrows
¢ 2¢ Ic = 1,Ncols
IF (Ic.EQ.1.AND.InSeep(Ir)) THEN
Qimhj(lc,Ir) = SeepQ(Iflxpt)
TDimhj (Ic,Ir) = 0.0D+00

ELSE
TDimhj(lc,Ir) = ThetaD(Qimh)(Ie,Ir),Ic~-1,Ir,1c,Ix)
Qimhj(Ic,Ir) = Qimhi{lc,Ir)*Qalter
ZNDIF
TDiphj(lc,Ir) = ThetaD(Qiphitlc,ir),lc,Iz,
Qiphi(ic,Ir) = Qlphi(lc,Ir)*Qalter
1€ (.Not.Reflct.AND.Ir.EQ.1) THEN
Qijmh(ic,Ir) = SurfQ(Nzone(lc),Iflxpt)*Qalter
TDi4mh(Ic,Ir) = 9.0D+00
ZLSE
TDiimh(ic, ) =
giimh(Ic,Iz)
ENDIF
TCiiph{lc,Ir) = ThetaD(Qiiph(lc,ir},lc,ir,lc,ir+l)
Ciiph(lc, Ir) = Qijph(lc,Iri*Caiter
Return
END
Double Precision Function .“e:aD(Qf.ux,‘col,‘row,vcox Jrow}

Ic+l,Ir)

hetaD(Qidan(lcz, Ix),Ic, I-1,1c, 1

290

OO0

This routine calculates the Theta-Disperison product between any pair

laccumulate thne amount cf water enteringj
cand the sclute drought along wizh it}

{if there {s a drain..for all rows within {z..j

ycalculate cutflowing flux and check for reversal)

{accumuliate the water leaving &
{solute carried cut witn it

the average

iacross the surface, ca.culate water entering’

{and check for exceeding ava..able capacity

{accumulate entering water and solute’

in auto-terminatior

{this code will aid

flux in is the seep flux]
land dispersic: 1s 2}

{1f at the seep,

jotherwise calculate the flux from the left!

{the flux and 9-D (Theta-Cispersion) to the rignt:
{if there is a flux surface boundary!
ithen the flux above is the surface flux & {-2=0:

{else calculate the fiux & -2 Irc+w acove!

{calculate the flux & {-D from below!

of nodes

INCLUDE ’Twodswap.cmb’

HeadAv = (Head(2,Icol,Irow;, ¢+ Head(2,Jcol,Jrow)) /2.0
Qflux = FLuxVl{lcol,Irow, col,Jrow)

ThetaX = Theta (HeadAv) *Dispr0

FluxX = Disprl*DABS(Qflux)

ThetaD = ThetaX ¢ FluxX

If (DABS(Dispr0).LE.1.0D~06.AND.Disprl.LE.1.0D~06)
& ThetaD = 0.CD+00

Return

END

Logical Function QutSys(It,Ic¢,Ir)

INCL UDE "uodswap cmb’
Logical InSeep,InDdran
If (I=.LT.1.OR.It.GT.J.OR.

& Ir.LT.0.0R.Ir.GT.Nrows+1)
CutSys = .true.

LSE
It

c.LT.0.C
THEN

.1C.GT.Ncols+1.CR.

{Ic.EQ.Q) THEN
If (InSeep{lr)) THEN
CutSys = .true.
ELSE
QutsSys =
ENDIF
ETSF T€ ¢

.false.

mAt  Raflct AND . T

in space & time}
nodes & the Thetai

{get the average head
{the flux between the
C=thetal

{0D = 0( Do + Ti*Q/0) where

funless ail 0D are to be zero}

here}

in the seep!

rei.wCctiony

serface .o a

row- K .f

[




INCLUDE ‘Twodswap.cmb’
Logical Error
Character®(*}

Ftable,Aline"’

£

1€ (Erroz) Call ENaPg le')
Read (15,1000) Aline
Format {(A)

Read(l5,*) Ncols,Nrows,lx

If (Nrows.GT.MaxRow) Call EndPgm(’Tco many rows required’)
If (Ncols.GT.Maxlel) Call 32gm(f Too many columns reguired’)
Read(l5,*,Err=20,ENC=2)) {(Nzorne(Col),Coi=1,Ncols

o 5 I = !,Ncols-1

If (Nzone(I).GT.Nzone(I+1)) Call ENdPgm(’Zones out of order’
If (Nzone(I).LT.l) Call EndPgm('Zones must start with 1’
If (Nzone(Ncols).Gt.MaxSet) Tall INdPgmi’Too many zones')
SeecMn = {
SeegMx = 0
CrarMn = )

JrarMx =
Do 10 Row = 1,Nrows

Read (15,+,Err=20,END=20} SeepNd, (Head(3,lol,Row),Col=1,Ncols)

DranNd
If (SeepNd.NE.1l) THEN
If (SeepMn .0) SeepMn = Row
SeepMx = Row
ENDIF
If (DranNd.NE.l) THEN
I¢f (DranMn.EQ.0) DranMn = Row
DranMx = Row
ENDIF
Centinue
If (SeepMn.LE...AND.SeepMx.GT.C) Call EndPgm(’Seep incorrect')
Zo 15 Row = ] ,Nrows
Read (.5 *,Zrr=20,End=20) (Cdissv(2,Col,Row),Col=1,Ncols
Zo 15 Col = 1,Ncols
1€ (Cdissv{2,Col,Row).GT.SolMax) SclMax = Caissv(2,Col,Row)
Close(id
Goto 25
Call EndPgm(’problem with matrix table’,
Return
END

SUBROUTINE ColSet

{file comment - never used in the program)

isurface zone description}

{read seep/head...head/dzain info}

iset the seep if indicated (l=n¢;0=yes)!}

{read the solure

c
1000
3
L3
29
25
~
29
%00
W0
L010
Coammm
c

This routine sets the column according to the ilnput controls

INCLUDE ‘Twodswap.cmb’
Call FxBndH
Call FxB3nds
Do 20 Row = 0,Nrows+l
Jo 20 Col = 0,Ncols+i
Cdissv(il,Col,Row) = Cdissv(2,loi,Row)
Jo 20 Itype = 1,2
Head (Itype,Col, Row)

Head (3,Col,Row}

SUBRCQUTINE ChkFlx

{impose the boundary conditions & then set!
fall head ard so.ute arrays identically:

his routine handles setiing the flux & velocity if they should cnange during the run

& (Time .GE.Fluxtm(Iflxpt+l) .AND. (Iflxpt+l) . LE.NFLUX))

INCLUDE 'Twodswap.cmb’

IF ((Iflxpt.LE.0).OR.

THEN

iflxpt = Iflxpt + 1

WatFix = . false.

Write(l2,1000) ’'Imposed Flux’,Iflxpt,Time
Format(/,’=>"',A,’ ¢',12,' at ',F1C.1,"sec.’)

DtStar = .true.

If (SeepMx.GT.0Q)

Arite(l12,1010) ’ Seep’,’'Imposed Flux',

5 SeepQ{Iflxes), SeepC(Ifixpt)

Do 10 I = !, Nzone(Ncols)
Write(l2,1010)'Surface’,’'Imposed Flux’,
[ SurfQ(I,Iflxpt),SurfC(l, 1fixpt
Format (1X,A,’: *,A,’=’,512.5," Solute conc.=*,G12.5
If (SolMax.LE.0.0D+00) THEN
SolFix = .true.
Arite(*,*) ’ Solute frozen'
ELSE
SolFix = .false.
drite(*,*) ' Solute activated’
ENDIF
LckDwn = 0
ENDIF
LckDwn = LckDwn + 1
Return
END
SUBROUTINE DtCHan
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time this routine is Zallec or
the flux vailues...}

and reset the fiux & veloc.}

{if this ia the first
{it is time to reset

{increment the flux ptr




INCLUTZ ! Jwedswap.comb'

Logical DtAl:wr

If (DtStep.GE.1.0}) THEN
Dt = DtMax

Return
ENDIF
If (LckDwn.LE.1Q) THEN {keep Dt = Dtmin fo the lst 10 iterations after}
Dt = Dtmin {a flux change or when starting}
ELSE
DtNow = Dt {otherwise increment it until Dt= DtMax}
If (Iflxpt.GT.0.AND.Iflxpt.LT.Nflux) THEN {but try to step down to Dtmin {f a change is coming}

Nsteps = NINT(-1.0 + (Fluxtm(Iflxpt+l)-(Time+Dt))/(Dt/2.0)}
If (Nateps.LT.0) Nsteps = 0
If (Nsteps.i1T.20.AND.Nsteps.GT.0) THEN

Dt = Dt*Nsteps*CtStep + DtMin

DtDown = .true.

ENDIF
ENDIF
If (Dtstar.AND.LckDwn.GT.10) THEN {either true initially or when there i* a flux change!
JtStar = .false.
DtAler = .true. 1prevent entering here until next flux change, reacy
Dtlown = .false.
Ot = Dtain - DtStep*DtMax {Error and set Ot to the minimum again}
ENDIF
IF (DTALTR.OR.DtDown) THEN
If (.not.DtDown) DT = DT +« DtStep*DtMax {increment Dt}
If (Dt.LE.DtMin+DtStep*ltMax}) Ot = DeMin+DtStep*DtMax
iF (DT.GE.DTMax) THEN {up to the maximum 1{mit set by the parameter file!}
OT = DTMax
DTALTR = .FALSE.
ENDIF
Write(*,1010) DtNow,DT, IREPET
1010 FORMAT (12X, ‘Dt changed from ’,F10.3,’ to ',F10.3,
[ ‘' at Iter.’,l4)
ENDIF
ENDIF
If (Time+Dt.GT.TmStop} Dt = TmStop - Time {make the last step come out even with terminaticn}
Return
END
Logical Function DoMore (iterat,DifMax) {SUBRoutine flag}
Ry g ey RS e ——————— -
C This routine tests for iteration termination conditions
INCLUDE ‘Twodswap.cmb’
Logical Recycl
I¢€ ((iterat.EQ.1) .CR.
& {iterat .LT.Itrlim.AND.Di%Max.GT.TLevel)) THEN
Recycl = .true.
ELSE
Recycl = .false.
ENDIF
If (.Not.Strict AND.iterat.GT.5.AND.Recycl] THEN
If (DABS(DifMax~OldErr)/OldErr.LE.Tlevel .AND.
& DifMax.LE.OldErr) Recycl = .false.
ENDIF
OldErr = DifMax
DoMore = Recycl
Returmn
END
Double Precision Functlion AvHead(Itime,Icol,Irow)
c e P, o e e e
C This routine returns average head value=
F e e et i e o e e 4 e e —————— P, e m e e e mmm e mmmeaam—————
INCLUDE 'Twodawap.cmb’
Logical OutSys
If (CutSys(itime,Icol,Irow)) THEN
Write(*,1000) Itime,Icol,lrow
100 Format (' AvHead Reference Error: It,Ic,ir=',313)
AvHead = 1.0D+30
ELSE
If (Itime.NE.2) THEN
AvHead = Head(Itime,Icol,Irow}
ELSE
AvHead = (Head(l,Icol,Irow) + Head!3,Icol,Irow) )/2.8D+00
ENDIF
ENDIF
Return
END
Double Preclision Function AvrCon(lcol, Irow,Jcol,Jrow, Itime)
C=- - - - — — - ——

C This routine returns average ConDuctivity between two nodes at twc times

INCLIDE /' Twodawap.cmb’
Logical InSeep,CutSys
If (OutSys(Itime,Icol,7row) . OR.Outsys(itime, Jeol,Jrow)) THEN
AvzCon = 1.0D+30
Write(*,1000) Icol,lrow,Jcol,Jrow,Itime
1000 Format {(* AvrCon Reference Error: Ic..ir,it=',313)
ELSE
AvrHed = 1,0D+30
If (Irow.EQ.Q0) THEN
AvrHed = AvHead({(Itime,Icol,l
ELSE If {InSeep/Tr v} AND.Icol.IQ.Cl) THEN
AvrHed = Avhead(Itime,i,lrow)

ELSE
AvrHed = (AvHesd{(Itime, Icol, Irow)+AvHead{Itime,6 Jcol,Jrow))/
& 2.0D+00
ENDIF
AvrCon = ConDuc (AvrHed)
ENDIF
Return
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IND

Couble Precision Function FLuxVl({Icol,Irow, col, row)

ine returns the flux between any two nodes

INCLUDE 'Twodswap.cmb’
Logical InSeep,QutrSys
If (IABS(Icol-Jcol)+I1ABS(Irow-Jrow).NE.1)
[ Call EndPgm(' FluxVl: Arguments span > ! Dx')
If (OutSys(2,Icol, Irow} .OR.OutSys(2,Jcol,Jrow)) THEN
FluxVx = 1.0D+30
If {InSeep(Irow) .AND.Irow.EQ.Jrow.AND.Icol.EQ.0) THEN
FluxVx = SeepC(Ifixpt]
ELSE If (Irow.ZQ.0.AND.Icol.EQ.Jcol) THEN
FluxVx = SurfQ(Nzone(Icol),Iflxpt:}
ENDIF
LsE
If (Icol.EQ.Jcol) THEN
Gfactr = 1.0D+00*Gravfc
ELSE
Gfactr = 0.0D+C¢
ENDIF
HeadAv = (Head(2,Icol,Irow) + Head(2,Jcoi,Jrow})/2.0D+00
FluxVx = -ConDuc (HeadAv)*
3 ( (Head (2,Jcol,Jrow} -Head (2, Icol,Irow) ) /Dx-Gfactr
If (DABS(FluxVX).LE.1.CE-10) FluxVx = 0.0D+(0
ENDIF
FiuxVi = FluxVx
Return
END
SUBROUTine Report (Normal)

This roatine updates the plot/output file to be used by data presentation Programs.

I
head, water content, solute concentration, water flux & solute flux in a F7.1,F9.1,5G12.4 format.

[eXsXeXe]

t Writes the depth, time,
5
1

INCLUDE ’Twodswap.cmb’

Character ALine*132,0ranCh{(MaxRow)*l, SeepCh(MaxRow)*1
Logical InSeep,InDran,Normal

Data Aline/’ ’/,Dranch/MaxRow*’+’/,SeepCh/MaxRow*’+"'/
Call Mbalck

Hour = Time/3600

Write(12,1000)Rlabel, Time, Hour, DX, Dt, Nrows, Ncols, GravFe, Irepet {summation mass balance Report

1000 Format (1X,57('-"),’< Report >t 870 ~"),//,24%,A, /7
& 11X, Time=’,F10.2,’ sec.=’,F6.1,' hrs.; Dx=',F5.2,
13 ’; Dt=',F7.2,'; Row=’,12,' Col=',12,’ Gravity=',F2.0,
& ‘ Total ite-ations=’,19)
WArite(12,1005) FlowIn(0),FlowOu(0),dact,dpred,Waterr
1905 Format(’ ~--([WATER]}--- Total Flow In = *,G12.5,
& ' Flow out = ',G12.5,/,14X,’ Sum of input & inizial water =/,
3 Gl12.5,’ Sum of stored & outFlow = ’,G12.5,
& ! Errorgs-————e-- {':,612.5," }===mm ")
Write(l12,1015) FlowQu{l)},Flowin(l),Cact,Cpred,SolErr
1015 FORMAT (! ---[SOLUTE]-- Total Flow out = *',Gl2.5,/,
3 ’ in=’,G12.5,* Sum of input & initial=’,Gl2.5,
& * of stored & outflows=',Gl12.5,’ Error¥=--—-(’,G12.5,";---"'
Write(l12,1016)
1016 Format (* +’,129(1H-),"+',/)
Do 5 Row = 1,Nrows
SeepCh(Row) = '’
DranCh{(Row) = " |’
If (InSeep(Row)) SeepCh(Row) = ‘>’
5 If (InDran(Row)) DranCh(Row) = °>’
Call strlen(Rlabel,length)
if (Length.LE.0) Length = 1
If (Ncols.GT.10) THEN
Nstop = 10
ELSE
Nstop = Ncols
ENDIF
If (.not.Normal.OR.RepHed(Rtima)} THEN
Write(14,1020) ’'{Head}’//Rlabel(l:Length),Ncols,Nrows,Dx,Tine,
& WatErr
1020 Format(A,/,214,3G12.5,’ Rows,Columns,Dx,Current time,Error’
Do 15 Row = ], Nrows
Write(14,1025) Row,SeepCh(Row),DranCh (Row),
& (Head (3,Col, Row),Coli=], NStop)
15 If (Natop.LT.Ncols) Write(14,1030)
[ {Head (3,Col,Row),Col=Nstop+l,Ncols)
1025 Format (13,1X,A,1X,A,1X,10G12.%)
1030 Format (8X,10G12.5)
ENDIF
If (RepThe(Rtime)) THEN
Write(14,1020) ’{Theta}’//Rlabel {l:Length),Ncols,Nrows,Dx,Time,
& WatErr
Do 25 Row = 1,Nrows
Write(l4,1025) Row, SeepCh(Row),DranCh (Row),

& (Theta (Head (3,C0),Row) )}, Col=1,Nstop)
25 If (Nstop.LT.Ncols) Write(14,1030)

& {Theta(Head(3,Col,Row)),Col=Nstop+],Ncols

ENDIF

If (.not.Normal.CR.RepSol(Rtime)) THEN
Write(14,1020) '{Salt Conc}’'//Rlabel(l:Lanath), Nco'!s,Nrows,Dx
Time,SolErr
Do 35 Row = },Nrows
Write(14,10235) Row,SeepCh(Row),DranCh(Row),
& (Cdissv(2,Col,Row),Col=1,Nstop}
35 If (Nstop.LT.Ncols) Write(14,1030)
5 (Cdis:v(2,Col,Row),Col=Nstop+l,Ncols)
ENDIF
If (RpConc(Rtime)) THEN
Write(14,1020} ’{Sait Absl}’//Rlabel{l:Lenqth),Ncols,Nrows, Dx,
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& Time,SolErr
Jo 40 Row = .,Nrows

wWrite(l4,1025) Row,Seeplh(Row),DranCh{Row),

s {Theta (Head (3,Col,Row)) *Cdissv(2,Col,Row),Col=.,Nstop)
40 If (Nstop.LlT.Ncols) W@rice(l4,i030)

& (Theta (Head (3,Col,Row) ) *Cdissv(2,Col,Row},Col=Nstop+]l,Ncols

ENDIF

If (DABS(S1SrbC).GT.1.0E~06.AND.RepSol (Rtime)} THEN
Write(l14,1020) '{Sorb Conc}'//Rlabel (1:Length}), Ncols,Nrows,DOx,
& Time, SolErr
Do 45 Row = . Nrows
Write(l14,1025) Row,SeepCh(Row},DranCh{Row},
& (S1SrbC*Cdissv(2,Col,Row} **ExplLin,Col=], Natop)
43 if (Nstop.LT.Ncols) Write(ld4, 1030
H {S.SrpC*"Cdissv{2,Col,Row) **ExplLin,Col=Nstop+l,Ncols
ENDIF
If {(Normal) Rtime = Rtime + [
Return
END
SUBRCUTINE TriDim(Nodes)

s routine solves a tri-~diagonal matrix

INCLUDE ‘Twodswap.cmb’
Dimension A(MaxCol),3ETA (MaxCol),Y (MaxCol)
A(l) = DIAGCON(1)
BETA (L) = SPOIAG(L)/A(L
Yl = RESULT(L)/A(L
20 201 I = 2,Nodes
Xt (I) = Result(Il})
A(I) = DIAGON(I) = SBDIAG{I) * BETA(I-1)
BETA(I) = SPDIAG{I)/A(I)
201 Y(I) = (RESULT (1) =SBDIAG(I)*Y (I~1))/A(I)
Result (Nodes) = Y (Nodes
DO 203 I = 1,Nodes-]
J = Nodes -I
Result (J) = Y(J) = BETA(J) * Result( J+1})
203 1f (Result(J)}.GT.-1.0E-10.AND.Result (J).LT.1.0E-10)
& Result (J) = 0.0D+00
RETURN
END
Subroutine TotSys({)

)
)

sum theta & Solute throughout the system

aan

000

Q00

INCLUDE ’Twodswap.cmb’
Wnow = 0,0D+00
Cnow = 0.0D+00
DxSq = Dx*Dx
DO 10 Row = 1,Nrows
Do 10 Col = 1,Ncols
ThetaX = Theta (Head(3,Col,Row))
Wnow = Wnow + ThetaX*DxSq
10 Cnow = Cnow + DxSq*Cdissv(2,Col,Row)* (ThetaX+BulkDn*S1ScbC)
RETURN
END
SUBROUTINE Mbalck

This routine performs a Mass Balance check for the Dt change monitoring procedure

INCLUDE ‘Twodswap.cmb’
Call TotSys{()

If (Winit.LE.0.0) Winit = Wnow
Wact = Winit + Flowin(0} {amount added to & in column to

Wpred = Wnow + FlowOu (0} {amount left or still in coiumn
WatErr = 100.0D+00 *(Wpred-Wact)/Wact {percent Error be:tween the two
If (Cinit.LE.0.0.AND.Irepet.LE.0) Cinit = Cnow
Cact = Cinit + FlowlIn(l)
Cpred = Cnow + FLowOu(l
If (Cact.LE.0.0) THEN
SolErr = 0.0D+00
ELSE
SolErr = 100.0D+00 *(Cpred-Cact)/Cact {percent Error between the :wo
ENDIF
Write(*,1000) Time,Waterr,SolErr
1000 Format (1X,’At ’,F10.1,’ sec, Error %: Water=’,Gl12.5,
& ! Solute=’,Gl2.5)
RETURN
END
SUBROUTINE Repltr

This routine Reports the iterative values

cegin with
now

INCLUDE 'Twodswap.cmb’
Character Aline*132
Do 20 Itype = 0,1
Write(12,1000) ’'Iteration Trace:',Solute(ltype)
1000 Format (//,1X,2A)
Istop = 1
Aline = * ¢
Do 10 I = l,Itrlim
If (ItrTrk(Itype,I).GT.0.0D+00) THEN
Tf (Istop + 20.GE.132) THEN
Write(12,7005) Aline(l:Istop)
1005 Format (1X,A)
Istop = 1
ENDIF
Istop = lstop + 20
Istart = Istop - 19
Aline(Istarv:Istop) = ' {.. = ......... L
Write(Aline(Istart+«2:Istart+3),1010}) 1




bt
e
~

Wri ine(Istart-7:Istarz+1%5),101%
H 100.0*ltcTrx(ltype, )/ Irepes
lls Format (£9.5)
ENDIF

e Continue
If (Istop.GT.l) Write(i2,1005) Aline(l:lstop)
20 If (ItrTrk(itype,0).GT.0) Write(12,1020) 100.0*ItrTrk(Iltype,0)/
& lrepet
1022 Format (’ Iterative Failure Occurred %=',Gl2.5
Retum
END
Double Precision Function Cslope (RlHead)
..... — .
This routine uetermine. .ne wa.e: capccity of a soil column for multiple layers using ! of 2 theoretica. fits
To prevent divisicn by zero Errors in certain clrcumstances, the lowest value
for water capacity that is allowed is set within a menu as CapMin. Heads are assumed t0 be ..egative values and
capacities (slopes) are returned as positive values which cannot be less than the CapMin.
note - the equations are using positive heads - this reverses the sign of the
capacity - to turn It =o a positive value, a minus sign has been dropped as
the initial operator in both equations.

[¢R2 RSN Ne RN NS N1

INCLUDE ’Twodswap.cmb’

HeadX = DABS (RlHead)

IF (RlHead.GT.0.0) HeadX = 0.0D+00

ExpM = (1.0D+00~-1.00+0C/Table(3)) {>set up exponential Muelem’s model, then...
RecpM = 1.0D+0C/ExpM

RelWat = Table(l) - Table(s

CapT = (1.00+00+ (Table(4}*HeacdX) ** Table(3)} **(-ExpM} {>to the head at that node , Then calculate

CapM = CapT**RecpM

CtempV = Table(4) * ExpM * RelWat * CapM * {>finally apply the derivative of the head/theta
(1.0D+00-CapM} **ExpM * (1.0D+00=-ExpM)**(-1.0D+00) i>relationship in the Van Genuchten’s model

&

If (CtempV.LT.CapMin) CtempV = Capmin
Cslope = CtempV

Return

END

Double Precision Function ConDuc {RlHead)

This routine calculates ConDuctivity based on head.

aaa

INCLUCE ‘Twodswap.cmb’
1f (RlIHead.LT.0.0D+00) THEN
HeadX = CABS(RlHead)
ELSE
HeadX = 0.0D+00
ENDIF
ExpM = -1.00+037(1.00+00 - 1.0D+0C/Table(3})
AlpTrm = Table(4) * HeadX
AlpExp = 1.0D+00 + AlpTrm ** Table(3)
CondX = Table(2) * AlpExp ** (ExpM/2.0D+00) *
& (1.0D+00- AlpTrm**(Takle(3)-1.0D+00) *AlpExp"*ExpM)**2.0D+00
ConDuc = CondX
Return
END
Double Precision Function Theta(RlHead)

This routine calculates theta based on head.

e Xe N4}

INCLUDE ‘Twodswap.cmb’
If (RlHead.LT.0.0D+00) THEN
HeadX = DABS(RlHead)
ExpM = -1.00+00*(1.0D+00 - 1.7C+00/Table(3d)
AlpTrm = Table(4) * HeadX
AlpExp = 1.0D+C0 + AloTrm ** Table (3}
ThetaX = Table(5) + (Table(l) - Table(5)) * AlpExp ** ExpM
If (Rlabel(l:12).EQ.’LINEAR THETA') THEN

ThetaX = ThetaS*{1.0D+00-HeadX/100.0D+00) .
If (ThetaX.LT.0.08D+00) ThetaX = 0.08D+00
ENDIF
ELSE
ThetaX = Thetas
ENDIF
Theta = ThetaX
Retumn
END

SUBROUTINE GtWTab (Finput)

This routine reads soil characteristics as:
Van Genuchten Fitted Function in Use: (5 values) Tsat,Ksat,N,Alpha,Est.Res . Wat

annon

INCLUDE ‘Twodswap.cmb’

CHaracter Finput*l5,Dummy*132

Logical Error

Call OpnFil (Finput,15,’0LD’,Ezror)

It (Error) Call ENdPgm(’Unable to open water characteristics’

Read (15,1000,END=2C,Err=23) Dummy

1000 Format (A)

Read(15,*,END=20,Err=20) MWaTab

If (MdaTab.EQ.5) THEN
Read (15,1000,END=20} Dummy
Read(15,¢,END=20,Ercr=20) (Table(I),I=1,5)
Read(15,*,END=20,Err=20) Bulkln,Dispr0,lisprl

i5 CLose(15)
Write(l2,*)’ ~--Using Van Genuchzen'’’s Model---'
Write(12,1010) (Table(I),I=1,5),BulkDn
1010 Format (5X,’ Tsat=’,Gl2.5,’ Ksat=',Gl2.5," N=',G12.5,

& ' Alpha=',Gl12.5,” WCR=’,G12.5,’ Bulkln=’,312.3)
ThetaS = Table (1)
Consat = Table(2)
Return

ENDIF
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Call EndPgm(’Water Data:Van Gen. or cubic Function Only!’)

20 Call EndPgm('Problem with water characteristic table: ’//Finput)
END
SUBROUTINE BrkCut

r

c -
C This routine appends data to the breasthrough file.
c _——— Py R
INCLUDE ‘Twodswap.cmb'
Logical InDran
If (FBrkth.NE.” ’} THEN {1f the BTC file is cpen {--> drain exists))
Cout = 0.0D+00
Nout = Q
DO 10 Row = DranMn, DranMx {determine concentration at the drain}
If (CpenDr(Row)) THEN
Nout = Nout + 1
Cout = Cout +(Cdissv(2,Ncois,Rew) + Cdissv(l,Ncols,Row))/
& 2.0D+00
ENDIF
10 Continue
If (Nout.GT.0Q) THEN
Cout = Cout/Float (Nout)
ELSE
Cout = 0.0D+00
ENDIF
Write(l13,1400) Time,FlowOu(0),Ccut {report cumulative water & current avr conc.}
1400 Format (7G12.95)
IB3rk = IBrk + 1 {and increment tne breakthru counter}
ENDIF
Return
END
SUBROUTINE BrkRep
(o o i e e A e T e e e A = L - -
C This routine reads the backup Breakthrough file and converts the data into a plot data £
Cm e e e e e e e e e e ke e e e o e e
INCLUDE ‘Twodswap.cmb’
DIMENSION TMOUT(201),BrkTHR(0:1,201)
Common/BrkBlk/Xout (201), Yout (201), Nobs
Character Label*B8,Rest*65
I1f (FBrkth.NE.' ') THEN
Rewind (13)
IBRrk = 0 {read the data until ECF is encountered}
10 IBrk = IBrk + 1
If (IBrk.LE.201) THEN
Read(13,*,END=20) TmQut(IBrk), (BrkThr (I, IBrk),I=0,1)
1000 Format (3Gl2.5)
Goto 10
ENCIF
20 IBrk = IBrk - 1
Rewind (13}
Rest = Rlabel(l:63)
Do 30 Ispp = 0,1
Do 25 1 = 1,IBrk
Xout (I) = TmOut (I)
25 Yout (I) = BrkThr(Ispp,I)
Call TrmDat {reduce the data to non-repeating Y values}
Label = Solute(lspp) (1:8)
30 Call Writit(Label,Rest) {and record it}
ENDFILE (13)
Close(l3)
ENDIF
Return
END
SUBROUTINE TrmDat
C This routine removes redunant Y axis values
c --------------------
INCLUDE ‘Twodswap.cmb'
Common/BrkBlk/Xout {201), Yout (201), Nobs
Do 10 I = 2,IBrk-1 {if the value is the same as the adjacent values:
10 If (DABS(Yout(I)=-Yout (I-1)}.LE.1.Q0E-06.AND. {flag the X-value for eventual deletion of the pair}
& DABS (Yout (I)-Yout (I+1)}).LE.1.0E-06) Xout{I) = -1.0E+30
Nobs = 0
Do 20 I = 1,IBrk {scan the data, dropping flagged pairs}
If (Xout(I).GE.0.0) THEN
Nobs = Nobs + 1
Xout (Nobs) = Xout (I}
Yout (Nobs) = Yout (I}
ENDIF
20 Continue
Return
END
SUBROUTINE Writit (Label,Rest)
c e e e e A e e —————————————————
C This routine records a trimed data set to the breakthrough file in a standard plot format
c - -

INCLUDE 'Twodswap.cmb’
Character Label*8,6 Rest*65
Common/BrkBlk/Xout {201}, Yout (201),Nobs
Write(13,1000) Label,Nobs,Rest
1000 Format (A,I5,1X,A)
Arive(13,1010) (Xout(I),Your(I),I=1,Nobs)
1010 Format (2G12.5)
Retummn

END
DOUBLE PRECISION FUNCTION Retard{Icol, Irow)

c
C This routine calculates the Retardation factor

Ceemmecrrcmcaeec— e cec—— e ————— -
INCLUDE ’TwoDswap.cmb’
If (ExpLin.LE.0.1) THEN
Write(*,9000) ExplLin
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[AREER]

a0

aona

2210

3zt

ow) +Cdissv (2, lcol,lrowy) /2. 30+CC

2+

Retard = 1.00+00 + 3ulixDn*SlSrbC*ExplinT*SolvVal/
Theta(Head (2, Ic3l, lrow))

Return

IND

Sunroutine Tx3nc

raytine sets tne lmaginary noces apgropriately for neaas

INCLCDE ‘Twodswap.cnb’

Zo .0 Row = {,Nrows i fcr ALL rows, reflect
Head (3,9,Rowl = Head{3,.,Row] inodes regardless of seep
Head (3,Ncolse., Row) = Head(3,Ncols,Row)

1f (SeepMx.GT.0) THEN iif there 1s a seep:

20 15 Row = SeepMn, SeepMx
Head (3,0,Row) = Head(3,.,Row)
ENOIF
If (DranMx.3T. 0}
S0 20 Row = TranMn,dranMx

If (CpenDr(Rowl) Head(2,Ncols ,Row) = 2.202-30
If (CpenDr(Row)) Head(3,Ncolsel,Row)l = $.(D+20 .f tnere is a crain & i1t's coen,
INDIF
Jo 25 Col = l,Ngols 1for all coliumns
If (Reflct) THEN
Head (3,C01,9) = Head(3,Col,l) = Zx*GravFicz
ELSE
Head (3,Col,d) = Head(3,Clo.,l)
INDIF
Head (3,0l ,Nrows+l)=Head (3,Col,Nrows) + Sx*"Gravic iana The cottom 13 always rel_ezi.ve
Head(3,0,0) = Head(3,1,?%) {.et The corners reflect =ne aZ:acen
Head (3,Ncols+i,0) = Head(3,Ncois,?) {~nese vaiues are not used anywnere

ad(3,),Nrows+1) = Head(3,l,Nrows-:
ad(3,Ncols+.,Nzows+l) = Heactu,Nz&o

Nrows-l)

INCLUDE ' Twodswap.cmo’

So 10 Row = 1,Nrows «for ALL rows, reflec: tne r nsces
Cdissv(2,0,Row) = Cdisav(2, .,Row) {regardless of seep des:jraticn:
P Cdissv(2,Ncols+1l,Row) = Caissv{2,Ncols,Row) ithe drain always reflects <he solute
If (SeepMx.3T.{) THEN
0o 15 Row = SeepMn, SeepMx
Do 15 Jtime = [,2
5 Cdissviitime,0,Row) = SeenC(Iflxpt) 1if there i3 a seep, it ls a.wWays Ire imgtses Iong
ENOIF
Do 20 Col = l,Ncois ifor all columns:
If (Reflct) THEN
Cdissv(2,Col,0) = Cdissv(2,Col,l}
ZLsE
Cdissv(2,Col,0) = surfC(Nzonei(Coll,if.xpT!
TNDIF
20 Cdissv(2,Col,Nrows+]l) = Cdissv(2,Col,Nrows) {and tne
Cdissvi{2,0,0) = Cdissvi2,:,0) iceflec~ -~
Cdissv(2,Ncois+l,0) = Jdissv(2,Ncols, ) iysedt
Cdissv(2 0,Nrows+l) = Zadissv(2,.i,Nrows+l)
Zdissvi{2,Ncolse+]l, Nrowsesl) = Cdissvi2,Ncols,Nzows+i}
Returmn
IND
Logical Function InSeep (IRow)
This routine determines if a noae i3
INCLUDE 'Twodswap.cmb’ )
InSeep = ,false.
If (SeepMx.GT.0.AND.Izow.GE.SeepMn . AND.[row. LE.SeepMx)
& true
RETURN
END

Logical Function InlDran(Irow)

INCLUDE ’Twodswap.amp’
inDran = .false.
If (DranMx.GT.0.AND.Irow.GE.DranMn.AND. [row.LE.DranMx

4 inlran =
RETURN
END
SUBRoutine StartR
This routine starts the simulation run by initlalizatlion ¢ the parameter

o

INCLUDE ‘Twodswap.cmd’

Character Fparam*l)

Jata [repet/Q/,Tmlasc/0.0/,TmSpan/2.2/,Tine/0. 00200/, 1 0/)/,
OtStar/.true./,dazFix/ . fa.se./Ifixpe/C/,Fiowins/i* .
Solute/’'Aater’,’'Solute’/,Nstable/C/,Flowla/3*2 3
Soifix/.false./,Reflcz/ “tue./

write(",1200)




Tormat ('3 eNase: '
Reaa{*,1C.2
Format (A)
Cpen(Yniz=1{,File=Fparan,Status="2.2"
Call Get?Par {reaa the run paraerveters’

If (DranMx.GT.C) THEN
To 1% Row = DranMn,lranMx
1f (Head{l,Ncols,Row).GE.0.0} THEN
DO 10 Itime = 1,3 ithe heads at the drain %o ¢ (at all times} &i
DO 10 Col = Ncols,Ncols+)
Head (Itime,Col,Row) = 0.0D+00
Openlr{Row) = .true.
ELSE
CpenDr(Row) = .false.

v

15

20

INCLUDE ‘Twodswap.cmb’
Logical FMopen,Error,AskQus,Abort
CHARACTER Ftable*!5,lo02Chr*!

SolMax = J,{C+33
Read (10,1000} Fprint iread the file name for tre 2.tput i ogens =natl flle:
Format (A)

Call QpnFil (Fprint,12,'NEW’ ,Error)
Call strCap(Fprint)
If (Error) Call ENdPgm(’Unable to open results file’)
Write(l2,1005) Char{l2) (Write a simulation Report heading!
Format (A, 32X, ' Two-Dimensional Transient Flow - $80988 -~ ’,
'OCR.S.A.3LOCM', /,
toet,128("="),"’,/,28%, " SIMULATION PARAMETERS:',/)

Acrite(l2,1000) * *//Fprin {now read & ecno the various parareters]
Call GetsStr(ABort,Rlabel) {the run label}

Call GetStr(ABort,Ftable) {the head/sclute boundary tac.e file~name?
Call GtHTab(Ftable) {now read that informaticn}

If (DranMx.GT.Q) THEN {if there s a drain, open tne 37T file’

Fbrkth = Fprint(l:lextnt (Fprint))///BRK’
Cail CorFil (Fbrkth,13,’NEW’,Error)
If (Error) Call ENdPgm(’Tnable to open BTC fiie’)

ELSE
Fbrkth = ' *
ENDIF
Call GtReal (Abor%,TmStop) ithe time to stop the =
Call GtReal (Abort,CapMin) {the minimum water capa
Call GtReal (Abort,Gravee) ithe gravity factor =-> | is verticait
Call GtReal (Abort,S1SrbQ) {the sorption coefficient - contro.s retardaticn:
Explin = 1.0 {nonlinearity retardation coefficient defauit=1:
If (DABS(S1SrbC).GT.l.0E-06) Call GrReal (Abort,Explin} {{f retardation is wanted, then read the exponent:
Call GtReal (Abort,Dt) {maximum Dt}
DtMin = 0.1
tMax = Dt
Call GetStr (ABort,Ftable) {soil/water characteristics fille-name & reaa {%:

Call GtWTab(Frable)
Format (A,G12.5,A,G12.5)
Call GetInt (Abort,Nflux) ithe number of flux changes during the run)
If (Nflux.GT.Maxset) Call EndPgm(’Too many flux sets’
o 20 I = 1,Nflux

Call GtReal (Abort,FluxTm(I})) {the time of each flux change:
Do 15 Iz = i,Nzone(Ncols
Call GtReal (Abort,SurfQ(lz,I)} {read the surface fiux rate {cm/hr) & convert .-

SurfQ(lz,I) = surfQ(lz,I)/3600.0
Arite(12,101%5) Iz,’ Surface flux-->cm/sec =’,Surfl(lz,l)

Format (' 2one ’,12,A,G12.5}
If (SurfQ(Iz,I).GT.ConSat) Call EndPgm(’Surface FLux > Ksa.' ) {check for exceeding entrance capacity}
If (Ncols*SurfQ(lz,I).GT.(DranMx=-DranMn+l)*Consat) THEN {warn if exceecing tne 2rainage capacitt
Write(l2,*) ' DANGER: Input will exceed drainage ability’
Write(*,*) ’ DANGER: Input will exceed drainage ability’
ENDIF
Call GtReal (Abort,SurfC(lz,I)) {concentration in the 'rain’}
Write(12,1015) Iz,’ Surface salt conc-->meq/cc =’,SurfC{lz,I)
If (SurfC{lz,I).GT.Solmax} SolMax = SurfC(lz,I)
If (surfQ(lz,!).LT.0.0) THEN {make sure that cone=0 if flux is negative!
SurfC(lz,I) = 0.00+00
Arite(l2,1010) ' Evaporatlon requires conc.to be 0’
ENDIF
Continue
If {SeepMx.GT.0)} THEN {if there is a seep (horizontal input area)...}
Call GtReal (Abort,SeepQ{l)) {read the head or fiux at that point}
SeepQ(I) = SeepQ(1)/3600.0 {{f flux, convert Zo cm/sec from cm/hr}
1f (SeepQ(l).GT.ConSat) Call EndPgm(’Seepage FlLux > Ksat’) land check for exceeding entrance capacity!
Write(12,1010) ’ Seepage flux--> cm/sec =',SeepQ(l)
If (SeepQ(l).GT.ConSat} Call EndPgm{’Seep Flux > Ksat')
Call GtReal (Abort,SeepC(I)) {concentration at the seep}
Write(l2,1010) ’ Solute conc at seep-->meq/cc=’, SeepC{l)
If (SeepC(l).GT.Solmax) SolMax = SeepC(I}
ENDIF
Continue
Call GetiInt (Abort,Nrepr) {number of reports requestedj
1f (Nrepr.GT.Maxrep) Call EndPgm{’'Too many Reports requested’)
FMopen = . false. {initiallize reporting constraints}

TmRepr(0) = 0.0

RepHed (0) = .false.

RepThe (0) = .false.

Do 60 I = 1,Nrepr
Call GtReal (Abort,TmRepri(l)) {the time of the requested report (secs)!
Call Getlog(Abort,RepHed(I)) {true if the heads are to be reportedj




SetlogiAzort,RepTne ()
Jetlog (AsorT,RepSaL(l}
GetlcgtAtor:,Rplonc (i
6° If (RepHed(I).CR.RepThe (I} .CR.RegS0l(Il).CR.Rplonc(i))
& FMCpen = .t:ue.
If (FMopen) THEN
Fmatrx = Fprintil:lextnt(Fprint))//f20M'
Call CpnFil (Fmazrx,.4,’ ,Error)
If (Error) Call ENdPgm{‘Unable to open 2DM file’)

O e regoriea
l.te amcunts are tC pe reportec:
eing reported, set the flag to T}

then open the matrix report filej

ENDIF
IF (TMREPR(NREPR).LT.TmStop) THEN {insure last report zorresponds to termination}
NREPR = NREPR + |
TMREPR (NREPR) = Tmstop
RepHed (Nrepr) = RepHed(Nzepr-l)
RepThe(Nrepzr) = Replhei{Nrepr-l)
RepSol (Nrepr) = RepSci(Nrepr-l)
ENDIF
Call Getlog(Abort,Feedbk) {poolean controliing feedback commerts for Depugingl
Call GetlInt (Aborz, Icheck) {the fregquency of checking the abort file!
Call GtReal(Aport,Tlevell {t-~e iterative tolerance level (0.0l or 0.05 usually):

If (Tilevel.GT.0.0C) THEN
Strict = .true.

strict = .false.
Tlevel = -Tlevel

ENDIF
Zall SetInT(Apert,Itrlim {the number of iterative trys pefore giving up:
If (Izzlim.GT.30) Call EndPgm(’Izerative Limit <=3) onl:y’)
Call GtRea. {ADor:,DtStepl ithe % Ot increment Ised to step It from DtMin to DtMaxi
1€ (Ctmin Z3.0tMax AND.Dt.EG.DtMax) DtStep = 1.0
65 Close(i0)
Reflct = .true.
20 70 Lol = 1,Nzone(Ncolis)
R} If (DABS(SurfQ(Nzone(Col),Iflxpx)+SurfC(Nzone(Cecl),Ifl pt)
i .GT.1.0D-06.0R.Rlabel(1:6).NE.'REFLCT’) Reflct = .fa.se.
Call ColSet (set tne head & sclute values in space & timel
Arite(l2,.050) Icheck,TlLevel,Itrlim,DtStep,Llo2Chr(Refict}
1050 Format(’ External abort check = *,112,/,
& ' Iterative Tolerance Limit = ',Gl12.5,' ( ©1',/,
& ‘ Iterative Pass Maximum = ',112,/,
i ’ Step Amount for Ot change = ‘,Gl2.5,' (frac)’,/
H ! Top bounaary a reflection = ',A)
Retum
END
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farameter file for the Two-Dimencional Transient Precgran

ilename for resu:lts storage

r 8 100 solute) with gravity

le with initial head/dx/nzows/ncol info
e to terminate simulation (sec)
Minimum Water Capacity

Gravitational Factor

P
1.0 :
0.0 : Solute Sorption Factor
pegeliged : Ot Max
Livoacup.vag : Van Genuchten Model Coefficlents for Water Characteristics

Number of flux ch
Time (sec) of
urface flux
So.ute concentraticn
Surface flux {(cm/Rhr)
: Solute concentration
4 : Number of reports to be generated
PeRoReRie] : Report to be generated {sec)
Yes : Repcr:i the nead matrix
No : Repor:t the Theta matrix
Yes : Report %the solute Concentration matrix
No : Report the Absolute solute matrix

anges during run

€223.¢ ¢ Report to be generated (sec)
Yes : Report the heaa matri
No @ Report the Theta matrix
Yes : Repor. the solute Concentration matrix
No : Report the Absolute solute matrix
Letsc.e : Report to be generated (sec)

Yes : Report the head matrix
No : Report the Theta matrix
Yes : Report the solute Concentration matrix
Nc : Report the Absolute solute matrix
1853%.¢ : Report to be generated (sec)
Yes : Report the head matrix
No : Report the Theta matrix
Yes : Report the solute Concentration mazzrix
Yo : Report the Absolute solute matrix
No : Feedback for debugging
20 : abortion check periodicity

3.5 olerance Limit in percentage
20 : Numper of passes before iterative fallure
.08 : Increment for Ot - fractionai

Alxi_lary Parameter file for the Two-Dimensional Transient Program

Laxe.and - Live Jax Sand (S-124) - Upper 30 cm (Van Genuschten cnly!

5 35.03¢ 1.0C00 = Numbers of rows for Function VG. fitting
Theta Sat XSat (cm/sec) N Zst. Alpha Residual Wat.
3.35200000 0.34310999E-02 4.1901102 0.20310000E-01 0.85770003E-01
.65 0.43E£-07 1.0 : Bulk Density (gm/cc)
1.63 0.000278 1.0 : Bulk Density (gm/cc)
Auxlllary Parameter file for the Two-Dimensional Transient Program -~~Two-Dimensional Boundary Conditicn File---
Corner Spill
25 5¢ 1.0000
N 1 1 1 1 2 2 Z 2
2 2 2 2 2 2 2 2 2 2
2 2 2 2 2

Loo=l30.20 -%00.0 -100.00 -120.00 -100.00 -100.22 -122.32 =220 -127.00 -1
-.30.3¢C -.00.00 -:10C.00 -100.00 -100.¢ -.0C.80 -:03.3¢ EDRENY -0 -
-.90.00 -100.00 -100.00 ~100.00 -100.00 1

Lo=i00.00 -120.90 -100.¢ -100.00 -100.0¢0 =-.60.30 -100.00 -120.30 -.20.00 e
-180.00 -150.00 -100.00 ~160.00 -100.00 ~160.83 -130.30C -13%.88 -.03.33 -1
-.20.32 -100.00 -1C0.00 ~100.900 ~100.00 1

L =100.3¢ -100.00 -100.00 ~100.00 ~-1¢0.00 -100.¢0 -100.¢0 -.2¢.%3 -130.20 -1
-100.00 -100.00 -100.00 ~100.00 -100.00 -100.00 -.00.%0 -1CC.20 -120.0¢C -%
-100.C¢C -100.00 -100.00 -'70.00 -100.20 1

T =1C0.8 -100.00 ~-100.00 ~1v0.00 -100.00 -100.C0 -100.00 -.22.39 -1 30 -1
-130.00 -100.00 -100.00 ~100.00 -100.00 -3100.00 -100.¢ -102.30 1 Qc -1
-1¢0.00 -100.00 -100.00 ~100.00 -100.00 1

1 ~-100.00 -100.00 -100.00 ~100.30 -100.0% -100.00 -.100.00 -10C.00 -100.00 -1
-100.%0 -100.00 -100.00 ~100.00 -100.00 -100.00 -100.00 -100.2¢C -1¢0.00 -1
-100.00 -100.060 -100.00 ~100.00 -100.¢0 !

1 -100.00 -100.00 -100.00 ~100.00 -100.00 -100.00C -102.00 -100.00 -100.00 ~1¢C.
-100.00 -100.00 -1¢0.00 ~100.00 -100.00 -100.920 -100.00 -100.30 -100.00 -100.
~100.00 ~100.00 -100.00 -100.00 -100.00 1

I -100.00 -106¢.00 -100.00 -100.00 -100.00 -100.00 -100.¢0 -18%.3¢ -i20.00 -7
-180.00 -100.00 -100.00 -100.C0 -100.00 -100.00 -100.0¢C -18C.3¢ -1¢0.30 -1
-150.00 -100.¢ -100.00 ~100.00 -100.00 1

I ~-100.00 -100.00 -10¢C.00 ~100.00 -100.00 =100.2¢C -.00.00 -120.¢2 -.00.00 -.0C
-3100.00 -100.00 -100.0¢ ~100.00 -100.00 -130.¢C0 -130.°0 -120.¢¢ -:100.00 -1
-10¢.00 -100.00 -100.00 ~100.00 =100.00 1

1 -1C0.00 -100.00 -100.00 ~100.00 -100.00 ~100.00 -100.00 -100.00 -100.00 -100.0
-1¢0.00 -100.00 -100.00 ~100.00 -100.00 -100.00 -:30.20 -102.20 ~120.0C0 -1 ]
-100.00 -100.00 -100.00 ~100.00 -100.¢0 !

L -100.0¢ -100.00 -100.00 ~100.00 -100.00 -100.3¢ -10C.0C -183.C0 -130.0C0 -0
~100.5%0 -100.00 -100.00 ~100.00 -100.00 -130.00 -100.00 -103.20 -i¢c. 00 -.C
-100.0C0 -100.00 -100.00 ~100.00 -100 00 1

1 =-100.00 -100.00 -100.00 ~100.00 -100.00 =-100.00 -100.00 -100.02 -100.0¢C -100.2
-100.00 -100.00 ~10C.00 ~100.00 -100.30 -100.00 -1£0.00 -18C.00 -.20.00 -108
-100.00 -100.00 -1¢0.00 ~100.00 -100.00 1

I -101.00 -100.00 -10n.00 ~100.00 -100.00 -100.00 ~1¢0.00 -108.¢C0 -150.00 -1¢2.0
-100.00 -100.00 ~100.00 ~100.00 -100.00 -100.¢0 -1€0.00 -18C.¢0 -100.00 ~1230.¢
-100.¢0 -100.00 -~100.00 ~190.00 -1¢0.00 1

1 -100.¢C -100.00 -100.00 ~100.00 -100.00 -1¢0.00 -120.30 -122.8 -180.0C -1
-100.00 -100.00 -100.00 ~100.00 ~100.00 -100.0C0 -1C0.00 -130.39 -120.%0 -1
-100.3¢ -100.00 -100.00 -100.00 -100.00 1
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-133.20
-1gc.co
-:100.00
-100.00
-190.09
-100.39
-166. 50
-100.50
-ic3. 20
-100.00
-12g.2c
-106. 00
-108.60
-100.20
-i28.20
-190.20
IEETIRY:
-100.00
-100.00
-150.00
-120.00
~130.00
-130.20
~150.00
-13¢.20
-125.80
-120.60
-126.30
IEPEIR
-130.0C
-120.09
-100.90
-100.96
-190.00
-100.290
-106.00
-100.00
-100.90
~160.0

-180.20
-100.00
-100.00
-160.30
-180.00
-100.00
-166.900
-100.00
-100.00
-190.00
-100.00
-100.20
-100.00
-120.3cC
-100.00
-390 00
-100.00
-129.20
-100.990
-160 3

-100.¢0
-100.¢00
-100.00
-120. 3¢
-100.3¢
-ise 2

-icooct
-163.02
-100.20
-100.09
-100.00
-100.00
-180.0
-100.
-150.00
-100.28
-1¢0.00
~100.00
-100.30
-102.0¢
-100.30
-189.20
-150.20
-100.00
-1¢0.02
-180.00
-158.00
-16C.00
~100.20
-100.C0
-120.¢90
-102. 02
-130.00
-150.22
-gs.c2
Siedlle
-100.00
-180.0¢
-100.€0
-180.00
-130.00
166.00
-100.00
100.¢
—i1o0.cn
-100.¢
-100.00
~100.0¢
-106.0¢
-100.00
-100.00
-100.90¢
-100.00
-100.¢
-130.00
-100.00
-100.20
~100.00
-100.00
-10¢.00
-10.90
-100.00
-100.00
-180.00
-100.20
-100.00
-100.00
-106.00
100.08
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ae TAa AR
L30.28 oy .ee -.0C.3¢C ~.3C.%¢ ~180.0C0 -.oc. ¢ -1¢c.CC -:.00.0¢C

2t -13C.3¢ on .ce -.30.2% -122.¢C0 -1C0.C2 -.oc.c¢C -100.9¢0 -100.00

.30 -.3%.3¢ piv} .oe -1233.20 2

o0 -100.00 .C0 .¢0 -100.00 -100.00 -100.0C -100.20 -10¢.0C -.00.00

.02 -10¢.0C oC .ee ~100.2 -100.00 -100.00 -.00.00 -1c92.¢C0 -:100.00

-3¢ -182.C0 <o 20 -180.00 0

.3 -10C.00 Q0 .00 -100.00 -100.0¢ -100.00 -100.00 -160.00 -100.00
-100.30 -160.00 .00 -.00.00 -100.00 -100.00 -100.00 -100.00 -100.00 -100.00
-100.00 -100.00 .00 -100.00 -100.00 1
0.2000CE-08 5.22CC02-20 0.CCCCCE-QC 2.30C000E+20 0.CCO0CE+CD 0.C0C20E+CO €.006C0E+CO 0.00000E-Q0 0.0CO00E+00 0.00000E+00
C.00000E+CC C.00000E+JC 0.00C00E+00 0.00C00E+30 0.00000E+00 0.00000E+00 0.00CO00E+00 0.0COCOE+CO C.QCO00E<CO 0.00COQE+CO
2.00000E+0C 0. C.0QQ00E+30 0.000QQE+00 0.0000CE+0D
£.000002~20 0.0 .00C00E+CO O 2.0CCCCE-30 C.0CCC0E-0C C.00C0CEC0 Q.0CC2CE«CC C.00CCCE+CC
<. C.¢ 3.3000C2.20 0 0.COCOCE-CO $.00C0CE~CO C.00CCCE-CD C.CC0C0CE.CO 0.0CC3CE~CC
3. 3. 0.0000CE-20 C. 0.00000E+00
C.CO0CCCE-CT J.CCCCOE~00 J.00CCCE#QC C.OCCOCE+C0 0.00000Z+00 C.000C0E+00 §.00C0O0E-0OC C.3000CE-00 2.0C0C0EC2C
0.00000E+00 0.00000E+00 0.00C00E+Q0Q 0.0000CE+0QQ 0.0000CE+C0 0.CO00CE+00 0.00000E+CO O 0.00000E+00 0.00000E+0Q0
0.2000CE+CC 0.00000E«CQO 0.00000E+CO 0.00000E+00 0.00Q00E+00
.0C000=+00 0.0000CE+CC 0.00C0CE<Q0 C.CO0Q0E+Q0 0.00CCCE+CC 0.000CCE+0C 0.0CCCOE+CO J3.000C0E+CC O,
¢.0000CE-00 0.0000CE-3C 0.00C00E+C0 C.0Q0C0CE+CO 0.0CO00E+CC 0.0000024038 3.0030CE-CS 2.00CC0E-22 T
0.300C0E~CC 2.0C000E-50 J.0C000E+00 0.000002+00 0.00CO0E-CO
0.20000E«CO 0.COCC0E+CO 0.0C00C0E+00 0.00000E+Q0 0.00COCE+0C C.000CCE+00 0.CCOQOE+0C C.000QCE-CC C.0Q0CT00E-CC C.
0.C0000E+C0 0.00000E+00 0.0CQ0QE+CO 0.00000E+00 0.00000E+00 0.0000CE+00 0.00000E+QC 0.00COCE+0C 0.00000E+00 0.
0.000C0=+00 0.00000E+00 0.00C00E+00 0.Q0000E+Q0 C.J0C00E+0C
$.3CC0CE+«00 0.C0CCCE+CO 0.0000C2+00 0.00C00E+30 0.0C000Z+3C $.CC0CCE+00 £.0C0002+87 O, C.COCC0E.2C ¢
$.00200E+05 0.00C00E+00 0.00000E+0C C.00000E+QC 0.0C00QE+0C 0.0C00CE+CC 0.00000E-3C . €.00C00E-DC O
2.3300C=Z+50 0.00C00E~-C0 0.00C00E+CC 0.003002+00 C.0000CE+DC
3.0CC0CEXTC C.O00CO0E+CC C.00CCCESJC 2.00000E+02 2.003C00E+00 0.00CC0CE~00 C.0CwuvEell 2. C.0C2C0E-30 0.
£.00C20E-C% 0.C0C00E+00 0.CCCCR2E+CC 0.00000E+00 0.00000E+00 0.CO000E+00 $.00000E+C0 O. 0COOCE+F2C O.
$.00C00E+C0O 0.00000E~00 0.000CCE+CO 0.00000E+Q0 0.00000E+00
2.06000E+C0 0.00000E+0C 0.00000E+00 0.00000E+00 0.00000E+0Q0 0.0000C2+C0 0.00000E-CS O. 0.00CCCE-C0 C.QOCCOCESCT
0.0CCICE+GC 0.00000E+00 0.00000Z+00 0.00000E-Q0 0.00J30CE+CC 0.C0CO0E+CO £.COCOCE-CC 3. 0.CCC0CE~QC 2.0000CE+00
0.00CICE-CC 0.00000E~CC 0.QCO00E+0C 0.CQ00CE+Q0 0.00000E+00
C.00C00E+00 0.00000E+00 0.0C0CCE+00 0.00000E+00 0.00000E+00 0.0000CE+00 0.CCCOQE+CC 0. 0.96¢0CCE-CC 3
0.0CCCOE+20 0.C0CCCOE«00 0.0C0Q0E+00 0.00000E+Q0 0.00000E+00 $.00000E+00 0.00C0CE-CT C. s.glcetesce
0.CC000E+Q0 0.0000CE~CQ 0.00C00E+00 0.00000E+30 0.CCOQ0E+CQ
0.0CCOCE+00 0.00000E+00 0.00G00E+Q0 0.0000CE+00 0.0CC00E+00 0.00000E+CO 0.00CQ0E+CO 0.0C0CCE+CS (.0CCO0E«CJ0 0.CC000E-Q0
0.000008+00 0.00000E+00 0.0COCOE+0J 0.00000E+0C 0.0COQQ0E~C) 0.0000C0E+CQ 3.00C00E-0C C.CO000CE-OC $.0CCTCE+C0 0.03C00CE+CC
0.00000E+50 ©.00000E+00 0.0Q000E+CC C.000CTE420 0.00C00E+CC
0.000002+0C 3.00C00E+0C 0.0000CE+C0 0.00C00E+-00 0.CO000E+00 0.COCOCE«JC 0.000GJE+CT 2.00000E¢CDO 0.CCC00E-00 C. bl
2.000002+00 0.000C0Z+CC 0.0000CE«00 0.00000E+Q0 0.08CQ0E+CC C.O0COCOE+CC 0.00Q0C02+8C 3.0C0CTE-CC 5.570CC0E+30 O z
G.C00C0E+00 0. COCCOE+N0 0.000CCE«S0 C.0CQQO0E+Q0 0.00000E-DQ
0.C000CE-0C J.00000E+00 0.0CCO0E«OD 0.00000E~00 0.0C000E+OC 2.0C3C0E+03C ©.CCO00E+0C 3.0000CZ+02 C.00Q00E-00 C.
0.0C0C0E-00 0.00000E+00 0,00000E+00 0.00000E+Q0 0.00000E+0C 0.00CO0E+0QD 0.CCLCOE+Q0 2.00CCCELTS 2.C030CE.CC O
0.00CCO0E+0C C.00C00E+C0 0.00000E+CC 0.CQCO0E+0C 0.0000CE-CO
0.0000CE-CS 0.0C00CE-CQ 0.00C0CE+SC 0.CQCOCE+DSDQ 0.C0CC0CE+DC C.CO0CCE-ZC 0.20C00E-3C . 2.
2.C00C00E-20 2.0000CE-CC 0.03CCOCE-DC 0.00C00E£+00 C.00000E+0G 0.000C0E«CS §.0CCC0ED0 bl z.
£.0CC00E+0Q0 0.D000CE+CO C.00COGE-OC J.0C000E-OC C.00000E+CO
2.9C0CCE-C0 0.00000E+CC J.00C00E+020 (.00000E+CC 0.00GCOE+CO 0.00CCCE+C0 $.0CJ0CE-CC $.0000CE-2C O
0.00000E+00 0.00000E+00 0.00000E+«CGO 0.00000E+00 0.00000E+00 0.COCQCE+Q0 0.0CO0CE+CC 0.000CCE-CC £.00C00Z.2C C
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T. Utility suproutines used in the prepavation and simulatjon programs

LCGICAL Function AskQus({uery,Clear,lLine) {

STUBRCUTINE}

nao0ona

Character*(*) Query,Blank*80Q,Answer*lC,Questn=132
Logical Clear,NullQOK
Cata Blank/’ ’/
Call Strlen({Query,lengzh)
AsxZus = _false.
I¢ (Query(Length:length) .2Z.Char(8)) THEN
Suestn = ‘\’'//Query
NullQOk = .true.
If (Query(lLength-l:lLength-1).EQ.’Y") AskQus = .true.
ELSE
Questn = '\’'//Query//'
NuilOk = . false.
INDIF
3C Call Notice(Questn,Clear,Line)
Read (*,1000,Err=30) Answer
18¢¢C Format (A)
Call ShETx:(Answer)
Call Strlien(Answer,LenAns)
If (.not.NullOk.AND.lLenAns.LZ.C) Goto 30
If (.Not.NullOk.CR.LenAns.GT.0) THEN
If (Answer(l:1).EQ.'Y’ .OR.Answer(l:1).EQ.‘y’) THEN
AskQus = .True.
ELSE If (Answer{l:1l).ZQ.’N’.CR.Answer(l:1).EQ.’n’) THEN
AskQus = . false.

(Y/Ny: !

ELSE
Goto 30

ENDIF

ENDIF

Retumm

END

Logical Function CharOK (lLetter

C This routine checks the characters in a proposed file name

CHaracter Letter®]

If { (Letter.GE.'A’ .AND.Letter.LE.'Z2‘).CR.

& (Letter.GE.’0’ .AND.Lezter.lE.9").CR.

& Letter.£Q.":") THEN
CrarOk = .true.

ELSE
CharOk = .false.

ENDIF

Return

END

Subroutine EcholLo (Bolean)

o

C This routine reads and echos a boolean setting {rom the parameter file

Commm

IMPLICIT DOUBLE PRECISION (A-#,0-2}

Character Aline*80,YesNo*3

Logical Bolean

Read(10,1000) YesNo,ALine

10c0 Format (12X, 2A)

Arite(l2,1000) YesNo,ALine(l:LenOrl (Aline})
8nolean = Str2Lo(YesNo)

Return

END

Subroutine EchoRl {Avalue}

IMPLICIT DOUBLE PRECISICN (A-H,0-2
Character Aline+*8¢0
Read(10,1000) Avalue,Aline
1000 Format (G15.7,A)
Write(12,1000) Avalue,ALine(l:LenOrl(Aline))
Return
END
Subroutine Echoln(Ivalue)

o}
C This routine reads and echos an integer setting from the parameter file

C=-
IMPLICIT DOUBLE PRECISION (A-H,0-2)
Character Aline*80
Read (10,1000) Ivalue,AlLine

1000 Format {I15,A)
Write(l12,1000) Ivalue,Aline(l:LenOrl {Aline))

Return
END
Subzoutine EchoSt (Text}

~ -—

<

C This routine reads and echos a string setting from the parameter file

IMPLICIT DOUBLE PRECISION (A-H,0~2)

Character*(*) Text,Aline*80

LenTxt = Len(Text}

Read(10,1000) Allne

1000 Format(A)

Write(l12,1000) Aline(l:LenOrl (Aline)
Text = Aline(l:LenTxt)

Return
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aaao0

CHARACTER* (*) Fname,Query,Fzemp*50,Qtemp*132
Logical AskQus
Qtemp = Que
CALL STRLEN (Qtemp, LENGTR)
10 Call Notice(’'NOTE: There is no validity Check on Flle Names’
& .true.,6)
11 CALL Notice(’\\Please enter filename for '//Qtemp(:LENGTH)//
& !, . false., 10}
REAZ (%, 1010,Err=11) FNAME

1010 FORMAT(A)

Ftenp = Fname

Call Strlen(Ftemp,LongFl)

If {LongFl.LE.Q) Goto 11

Call ShfTxt (Fremp)

Call StrCap(Ftemp)

Call Strlen(Ftemp,LongFl)

If (.Not.AskQus(’\Filename for ’//Ctemp(:LENGTH)//' is '//
& Ftemp (:LONGFL})//'? (Y/N}): Y'//Char{8),.false.,14)) Goto 11
Fname = Ftemp{l:len(Fname)

RETURN

END

SUBROUTINE I[n2Chr(IValue,String)

Qoo

this routine converts a boolean into a character representation

Character*(*) String
Length = Len(String)
string = ' '
IR = IABS(IValue)
IF (IR.EQ.0) THEN
String(Length:Llength) = ‘07
ELSE
Nplace = INT(ALoglO{(Float (IR})))
If ((Length.LT.Nplace .AND.Ivalue.GT.0).CR.
& (Length.LT.Nplace+! .AND.Ivalue.LT.0) ) THEN
Do 10 I = 1,length
1¢ String(I:I) = *'**
ELSE
Iptr » Length
2¢ String(iptz:Iptz) = CHar{lchar('0’)+MCD(IR,10)
IR = IR/10
Iptz = Iptr -~ 1
If (Iptr.GE.1.AND.IR.GT.0) Goto 20
If (IValue.LT.0) String(Iptr:Iptr) = '’
ENDIF
ENDIF
Return
END
SUBRoutine Int2Ch(String,Ivalue,Llength)

This routine converts an integer into a string variable

[t N Re Ne]

Character*(*) String
string = * *
If (Ivalue.Eq.0} THEN
String(l:1} = ’0’
ELSE
Length = Len{(String)
Nchar = INT(AloglO(Float (IABS(Ivalue)})+I}
If (Ivalue.LT.0} Nchar = Nchar + 1
I¢ (Nchar.GT.Length) THEN
Do 10 I = 1,Length
10 String(l:1) = ‘*’
ELSE
Left =~ lvalue
Do 20 I = 1,Nchar
String(Nchar+l~-I:Nchar+l=I}=Char(Ichar(’0’)+Mod(Left,10))
20 Left = Lefr/10
If (Ivalue.LT.0) String(l:l) = *-¢
ENDIF
ENDIF
Call Strlen(String,Llength)
Return
END
Integer Function Lenorl (Text)

Character® (*) Text

Call Strlen(Text, Length)

If (Length.LE.0) Length = 1
LenOrl = Length

Return

END

Real Function Lo2Rel (Boolen)

an

Logical Boolen
If (Boolen) THEN
Lo2Rel = 1.0

ELSE
LoZRel = 2.0
ENDIF
Return
END
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INTEGER Function MenChc(lenLin,Nitems,Cpotion,Alter)

2 - -
< s Fanction displays a static choice menu and returns an integer value Minchc<=value<=MaxChc. NOTE that Cption must be an
¢ 8l-cnaracter string.
s
Character Cption{*)*80,3lanks"30
Logical Alter
Blanks = * ¢
MinChe = 25
MaxChc = 0
LinSkp = {15 - Nitems) / Nitems {cal.the number of lines to be skipped between items}
Call Page(’Dummy’)
Call Vtab(3d)
If (alter) Write(*,.0CY)
1200 Format (18X, 'Please enter tnhe number of your se.ection’)
Call Vtab (5} {starting at line 3}
Margin = (80-Lenlin}/2.0
If (Margin.LE.0) Margin =1
Do 20 Item = 1,Nitems
Call strlen(Option(Item),Length)
If (Option(Item){l:1).EQ.'<’) THEN
Nvalue = Ichar(Optioni(ltem) (2:2))-Ichar(’0’)
If (Option(ltem) (2:2).EQ." ') Nvalue = ¢
If (Option(Item) {3:3).NE.’>’) Nvalue = Nvalue*10 +
& Ichar (Option(Item) (3:3))~Ichar(’0’)
If (Nvalue.lLT.MinChe) MinChc = Nvalue
If (Nvalue.GT.MaxChc) MaxChc = Nvalue
ENDIF
If (Length.GT.0)} THEN
If (Option(Item) (1:1).EQ.'<’} THEN
Lstop = Margin
ELSE
Lstop = NINT{ (80-Length)/2.0 )
ENDIF
Write(*,1010) Blanks(l:Lstop),Option{Item) (l:Length)}
1010 Format (2A)
ELSE
Write(*,1010) * *
ENDIF
If (LinSkp.GT.0) THEN
Do 19 I = },LinSkp
19 Write(=,1010) * *
ENDIF
20 Corntinue
If (Minchc.LE.MaxChc . AND.MinChc.GE.Q.AND.Alter) THEN
MenChc = MnuChc (MinChe,MaxChe)
ELSE
MenChc = 0
ENDIF
Return
END
c
SUBROUTINE MenFil (LenQry, NQuery,Query,Answer,String,Alter)
C -
C This subroutine displays an interactive (user supplied values and/or agree to displayed default value) menu. It firsc
C displays the menu as provided by the calling routine (see PROCQU comments for proper encoding pattern) and then allows the
C user to alter items (with the exception of comment lines and item numbers that do no exist} within the range of items
€ numbers between 1 and MaxVal. When ‘0’ is chosen, the routine returns control to the calling routine.
C Note that Query and String must both be 80 character strings. The variable LENQRY controls the number of characters %o be
C printed (8:LenQry) except for Queries with the 'S’ in Column §. In those cases, the expected length of STRING must be placed
€ in ANSWER, i.e. if the 3rd Query asked for an 8-char. answer, then ANSWER(3) = 8. The routine will determine whether the
C minimum query or LenQry characters will be displaced by checking the length of the query, LenQry and the expected STRING
C length. The maximum possible menu choice is determined from the query arguments by the subroutine.
c e mmm e
c

DImension Answer(*)
Character Query(*)*80,String(*)*80
Integer Cholice
Logical Alter
Maxval = 0
Call Page(’DUmmy’)
Call Vtab(3)
If (Alter) Write(*,1000)' Please enter... 4
Do 10 I = 1,Nquery
10 Call ProcQuilenQry,Query(1},String(1),ANswer (1), MaxVal)
Call Vtab(3)
If (Alter) Write(*,1000)' < 0> Accept Answers as displayed *
1000 Format (A)
If (Alter) THEN
20 Choice = MnuChc (0, MaxVal)
IF (Choice.GT.0) THEN
I =0
c ....REPEAT. ...
30 I =1+1
Item = (Ichar(Query(l) (3:3))~Ichax(’0’))*10 +
(Ichar(Query (I} (4:4))~Ichar(‘0’))* 1|

-

&
c ....ONTIL....
If (Item.NE.Choice.AND.I.LT.Nquery) Goto 130
1f (Item.EQ.Cholce) THEN
Query (I} (6:6) = 72’
Call ProcQu(LenQry,Query(Il),String(I),Answer(I),MaxVal)
ENDIF
Goto 20
ENDIF
ENDIF
Return
END
INTEGER Function MnuChc (Minmum,Maxmum) { SUBRCUTINE flag!}

C
C This Function displays the selectlion prompt & returns the choice
C
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Craracter ValMin®*2,Va.Max*2,Queszn*132
eger Choice
Call Int2Ch(VaiMin,Minmum, LenMin)
Call Int2Ch(ValMax,Maxmum, LenMax)
Questn = ’\Your Selection (’//VaiMin(l:LenMin)//' to '//
& ValMax(l:LenMax)/,"): '
10 Call Notice(Questn,.false.,h 22)
Call Value{Respon, IER)
Cholce = NINT (Respon}
If (Choice.LT.Minmum.OR.CHolce.GT.Maxmum.CR.IER.NE. Q) Goto 10
MnuChc = Choice
RETURN

END
SUBRCUTINE Notice (Messag,Cliear,line

This subroutine displays the MESSAge centered orn LINE and will clear the screen if CLEAR is true.

aaonn
]
]

Character* (*) Messag

Character*80 Blan~

Logical Clear,Cen%er

Data Blank/’ '/

Center = .true.

If (Clear) Call Page{(‘Dummy’}

Call Strlen(Messag, Length)

If (Length.LE.0} length =

If (Messag(length:lLength)

1f (Messag(l:!).EQ."\’) THEN
If (Messag(2:2).EQ.’\’) THEN

Istart = 3

Center = . false.

ELSE
Iscart = 2

1) Length = Length + 1

ENDIF
LinAct = Line
If (Length.GT.75) THEN
Do 10 = 1,75
1f (Messag{(76-1:76-1}.EQ.’ '} Goto 20
0 Continue
I =75
20 Ibreak = I
Margin = (80 - Ibreak) / 2
If (Margin.LE.0) Margin =1
Call Vtab(Line)
Arite(*,1000} Blank(l:Margin),Messag(Ilstart:Ibreak)
c 1000 Format (2A,\) ====- backslash----
1000 Format{’5’,2A)
Write(*,1010)
1010 Format (/)
LinAct = Line + 1
Istart = Ibreak+l
ENDIF
Margin = (80 - Length+l-Istart) / 2
If (.Not.Center.OR.Margin.LE.Q) Margin = 1
Call Vtab(LinAct)
Write(*,1000) Blank(l:Margin),Messag(Istart:Length)
If (Messag(l:1).NE.’\’) Write(*,1010)
Return
END
SUBRQUTINE PAGE (PGMNAM)

clears the screen and displays a top title centered & in inverse Video

[pEeNeNe]
)
]
]
1
:
]
]
]
1
1
[l
]
]
]
1

CHARACTER® {*} PGMNAM
CHARACTER TOPLAB*80,BLANKS*80,Home*7, Invron®4, InVrOf*4
data Blanks/’ '/,INIT/0/
IF (PGMNAM(:5) .EQ.’RESET’) THEN
INIT = 0
RETURN
ENDLIF
IF (INIT.EQ.O0) THEN
HOME = CHAR(27)//’(2J*//CHAR{(2T)//' [H'
INVRON = CHAR(27)//' (m’
INVROF = CHAR(27)//' (Om’
INIT = 1
Call StrBeg(PgmNam,Istart)
Call strlen(PgmNam, Istop)
TOPLAB = ' ' //PGMNAM(Istart:IStop)//' '
LAST = Istop - Istart + 3
LEFMAR = INT( (80- Last )/2)
RETURN
ENDIF
Write(®,1000) HOME, BLANKS (:LEZFMAR), INVRON, TOPLAB (:LAST), INVROF
1000 FORMAT{1X,5SA)
RETURN
END
SUBROUTINE ProcQu(LenQry,Query,String,Answer,MaxvVal}

This subroutine processes a query. Information on where to display the query, the type of answer needed and the item number
are encoded as: Char.l & 2 : 2-digit right-justified number which determines which line on the screen i{s used (01-24)
3 & 4 : 2-digit right-justified number which will be used as an item number in the display
5 : variable Type : L,!,R,5,C -> logical,integer,real,character string, or comment
6 : L,C,R,D,? -> Comment left,right or centered,default (value set) or need value from the user

[eXeXeNeNeNeNeNel

Character*(*) Query,String
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Character YesNo(2)"3,3lank*8¢
Daza YesNo/’Yes’,’ No’/,3lank/' ’/

Line = (Ichar(Query(l:l))- vaz (70'))*10 +
& (Ichar(Query(2:2)) - ari’0'))* 1
Iter = (Icnar(Query(3:3))-Ichar(’0’))=1Q +
& ({Ichar(Query(4:4))~Ichar('0’))* 1

If {Item.GT.MaxVal) MaxVal = [tem
10 Call vtab(Line!}
IF (Query(5:5).EQ.’S’) THEN {Character string requested)
Call Strlen{Query, Length)
If (Answer+lLenQry~8.LE.80) Length = LenQry
IF (Query{6:6).EQ.’?') THEN
Write(*,1010) Blank
Call Vtab(Line)
Write(*,1C00) Item,Query(8:Llength)

c 10co Format(* <’ ,I2,'> *,A,': ',\}---backslash~--
1000 Format{’$<',12,'> ",A,': ")
Read (*,1010) string
1010 Format (A)
ELSE

Call strlen(String, LenRlb)
If (LenRlb.LE.0Q) LenRlb = 1
Write(*,1020) Item,Query(8:Length),String(i:lenRlb)
1020 Format (' <',12,'> ',A,': ',A)
ENDIF

ELSE IF (Query(5:5).EQ.’L’) THEN {Logical varjiable - will output ‘yes’ or ' no'}
IF (Query(6:6) .EQ.’D") THEN
Write(*,1030) Item,Query(8:LenQry},YesNo(NINT (Answer))
1030 Format (' <',I2,'> ',A,': ',9%,A)
ELSE
IF (Nint (Answer).EQ.1) THEN {if changing setting, then if it was 1 (=Yes), switch
to
Answer = 2.0 { 2 (=No) or vise versal
ELSE
Answer = 1.0
ENDIF
ENDIF
ELSE IF (Query(5:5).EQ.’R’) THEN {real values}
IF (Query(6:6) .EQ."D’) THEN
IF (Answer.GE.0.00001,.AND.Answer.LE.999999.0) THEN {filter for range and relate to format displayi
Write(*,1040) Item,Query(8:LenQry),Answer
1040 Format (¥ <’,I12,°> ',A,’: ',F12.5)
ELSE
Write(®, 1050) Item, Query(e Lener) Answer
105¢ Fozmac(' I2,'> ‘A, f,EL 2.&
ENDIF
ZLSE
Write(*,1060) Item,Query(8:LenQry)
C 1060 Format (* <’,I12,'> *,A,’: ',\)---backslash---
1060 Format(’$<’,12,'> “,A,": )
Call Value (Answer, IER)
IF (IER.NE.O} Goto 19
ENDIF
ELSE IF {(Query(5:5).EQ.'1’) THEN {Integer values}
IF (Query(6:6) .EQ.’D’) THEN
Write(*,1070) Item,Query(B Lener),Nlnt(Answer)
1070 Fomat(' <',12,'> ',A,': !, 112)
ELSE
Write(*,1080) Item,Query(8:LenQry)
€ 1080 Format (' <’',I2,’> ',A,': ',\) ---backslash--—-
1080 Format(’'$<’',12,'> ',A,': ")
Call Value (Answer,IER)
IF (IER.NE.O) Goto 10
ENDIF
Else If (Query(5:5).EQ.’C’) THEN {Comment - just display line, no response poasibdle}
Call strlen(Query(8:),Length)
If (Query{6:6).EQ.'C’) THEN {If comment is to be centered, lef: margin is 1/2 of
Left = (80 - Length) / 2 { nonused spaces}
ELSE If (Query(6:6).EQ.’R’) THEN {if it is to be right-justified, then margin is that
ti
Left = (80~-Length}
ELSE {otherwise it starts at the left margin+l}
Left = 1
ENDIF

Write(*,1090) Blank(l:Left),Query(8:)
1090 Format (2A)
ENDIF

If (Query(6:6).EQ.’?') THEN
Query(6:6) = 'D’

Goto 10
ENDIF
Return
END
Logical FunctionRel2Lo(Val)
o o e e et i . S e B o A o i B e e R B e S B S e 2 T
C
If (NINT(Val).EQ.1l) THEN
Rel2lo = .true.
ELSE
Rel2Lo = .false.
ENDIF
Return
END
SUBRoutine Shftxt (String)
[or
C This routine shifts a dtring over to the left and pads the rest with blanks
fot ————
Cc

Character*(*) String
Call StrBeg(String,Istart)
Call StrLen(String,length)
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If (lengtnel
If£ (Istart N
String(l:lengthel-Istart) = St
2o 10 1 = lLengthe2-Istar:,leng
String(l:I) = 7 !
ENDIF
ENDIF
Return
END
Logical Function Str2lo(Text)

{Istart:lengzh)

Character* (*) Text
Call strCap(Text)
Ca.l Strdeg(Text,Istart)
If (Iszart.lE.O) T
Str2lo = .false.
ELSE
1f (Text(Istart:Istart).EQ.’Y’) THEN
Str2lo = .true.
ELSE
$tr2lo = .false.
ENDIF
ENDIF
Returmn
END
SUBROQUTINE STRBEG (STRING,LSTART)

returns the first nonblank craracter position of STRING as LSTART

CHARACTER* (*) STRING
LENGTH = LEN(STRING)
Lstart = Length
DO 10 I = 1,LENGTH
IF (STRING{I:I).NE." ') THEN
LSTART = I
Goto 11
ENDIF
CONTINUE
RETURN
END
SUBRoutine StrCap(string)

Capitialize the String

10
&

CHaracter*(*} 5tring
Call strlen(String, Length)
IF (Length.GT.0) THEN

Do 10 I = },Length

If (String(I:I).GE.’a’ . AND.String(1:1).LE.*2") String(Il:I) =
Char{Ichar(’A’) + Ichar(String(I:1)}-Ichar(‘a’))

ENDIF
Return
END

SUBROUTINE STRLEN (STRING, Length)

returns as LENGTH the position of the last non-blank char. in STRING

CHARACTER* (*) STRING
LENGTH = 0
LstChr = Len(String)
DO 10 I = ],LstChr
J = LstChr + 1 - I
IF (STRING(J:J).NE. ' ') THEN
Length = J
Goto 11
ENDIF
CONTINUE
RETURN
END
SUBROUTINE strVal (Respon,ANSWER, [ER)

Converts the String Respon into a real value (0 Lif there is a problem)

i0
20

16060
1010

30
40

CHARACTER® (*) RESPON,Valstr+*2l,Point+*l,StrArg*2l,SYM*]
IER = 0
Answer = 0
Point = 7 '
Call StrBeg(Respon, Istart)
Call StrlLen (Respon, Length)
If (Length.LE.0) Goto 30
Do 10 I = Istart,Llength
If (Respon(I:I).EQ.’.’) Goto 20
Continue
Point = .’
If (Length~Istart+1.GT.20) Length=Istart+l9
StrArg = Respon{Ilstart:Length)//Point
Write(valstr,1000) StrArg
Format (A)
Read (ValStr,1010,Err=30) Answer
Format (G21.5)
Goto 40
1ER = 1
Return
END
SUBROUTINE VALUE (ANSWER, IER)
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G000

€0y

reacs & rea. val.e frcm
CHARACTER REISPON®2T
Answer =
REARZ (", .3CC) RESPON
FTTRMAT (A
al. Strler(Respon,length!
£ (length.GT.(0) THEN
Call Strval (Respon,Answer, IER)
LSE
IER ~ .
ENZIF
Rezum
END
SUBROUTIND VTAR (LINERT)

req

moves the cursor *o the le o3t position on CRT line LINERD

x

rive(*,1000)CHAR (27 //* 7 //CHAR(ICHAR (" C’) « INT ( ({LINERQ-1}/10})
. //CHAR (ICHAR {"{’ ) +Moa ((LineRg~1),1C))/ /" ; OH'
FORMAT(IX,A)

RETURN

END

SUBRoutine Wait4R

displays & promp: in line 22 & walts for a return key press

pEeD

Cnharacter®) respon

Call Notice{’'\Press [RETURN] to continue: ',.false.,23
Read(*,1010) Respon

Format (A)

Retum

ENT

SUBROUTINE WARNIN (Messag,Clear, Line}

e

disp.ays the MESSAge centered on LINE and willi clear the screen if

s subroutine
ore vefore re 1ing control.

CLEAR

Characterz®(*) Messag
Craraczer*8C Bliank
Logical Clear
Data Blank/’' '/
Za.l Strlen(Messag, Lengthl
Margin = (80 - Length) / 2
I¢ (Margin.LE.0) Margin = 1
If (Clear) Cell Page('Dummy’)
Call Viao(lLine)
Wrice(*,1000)Blank (1:Margin},Messag(l:Length)
Format (2A)
Call WattdR
Return
END
Character®3 Function YesNo(Boolen)

Logical Boolen
i{f (Boolen) THEN
YesNo = 'Yes’

ELSE
YesNo = ' No’
ENTIF
Return
END
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